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Chapter 1: General introduction to pesticides, 
electrochemistry on screen-printed electrode, paper-based 
devices, and electrospinning method  
 
1.1. Pesticides 
1.1.1. Overall about pesticide use  
Pesticide is substance that can be used for preventing, destroying, repelling or mitigating any pest, 
which includes insects, weeds, mammals, microbes.1 Pesticide’s products compose of active and 
inert components. The active component helps to prevent, destroy, repel, or mitigate a pest. It is 
sometimes a plant regulator, defoliant, desiccant, or nitrogen stabilizer. The inert component can 
serve as solvents to help the active component penetrate through a plant’s leaf surface, prevent 
caking or foaming, prolong product’s shelf-life, enhance safety for applicators, and avoid pesticide 
degradation upon sunlight exposure.  
 
Figure 1-1: Use of pesticides worldwide from 1990 to 2016, from Food and Agriculture 
Organization of the United Nations (FAO), http://www.fao.org/faostat/en/#data/EP/visualize. 
 
Popp et al. mentioned that the world population will increase by 30% to 9.2 billion by 2050.2 This 
will result in 70% demand of food production. In addition, it was reported that 18% - 80% of crops 
is lost due to pests globally.3 Thus, pesticides are essential chemicals that have been extensively 
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applied in agriculture for effective pest control. In order to protect crops, increasing amount of 
pesticides have been used worldwide (Figure 1-1).4 The amount of pesticide used in 2016 is almost 
double compared to that in 1990. 
Asian countries account for over 53% of pesticides consumption in 2016 (Figure 1-2a).4 China is 
the top country for pesticide use with around 1,400,000 tones of active ingredients, followed by 
United States of America and Brazil for 406,603 and 210,057 tones of active ingredients, 
respectively (Figure 1-2b). 
 
Figure 1-2: a) Percentage of pesticide use worldwide. b) Top ten countries for pesticide 
consumption in 2016, from FAO, http://fao.org. 
 
Vietnam is a developing country with a population of 97 million people (2019). Main crops in 
Vietnam are based on rice, maize, sugar-cane, cotton, peanut, soy-bean (Figure 1-3a).5 Planted 
area for rice is 7,790 thousands of hectares, which is the largest agricultural area in the whole 
country. With the high percentage of agricultural land (75%, 2016), Vietnam has promoted utility 
a) 
b) 
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of pesticides for crop productivity improvements since 1960s. Thus, a large amount of money has 
been increasingly spent for pesticide imports from 1991 to 2015 (Figure 1-3b).4  
  
Figure 1-3: a) Contribution of main crops in Viet Nam, from General Statistics Office of Viet Nam, 
http://www.gso.gov.vn/. b) The amount of pesticide imported from 1991 to 2015, from FAO, 
http://fao.org.  
 
1.1.2. Pesticide classification and mode of action 
1.1.2.1. Pesticide classification 
Pesticides are classified according to the purpose of use.6 There are three main groups of pesticides 
including herbicides, insecticides, fungicides and others such as acaricides, molluscides, 
nematicides, pheromones, plant growth regulators, repellants, and rodenticides (Appendix, 
a) 
b) 
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Chapter 1, Table A-1). Moreover, pesticides are classified according to their degree of toxicity as 
shown in Table 1-1.7 
Table 1-1: a) World Health Organization (WHO) classification scheme. Adapted with permission 
from Ref 7, copyright © 2010 WHO.  
Class LD50a for rat (mg/kg body weight) 
  Oral Dermal 
  Solids Liquids Solids Liquids 
Ia Extremely hazardous 5 or less 20 or less 10 or less 40 or less 
Ib Highly hazardous 5 - 50 20 - 200 10 - 100 40 - 400 
II Moderately 
hazardous 
50 - 500 200 - 2000 100 - 1000 400 - 4000 
III Slightly hazardous Over 500 Over 2000 Over 1000 Over 4000 
 
Table 1-1: b) Global harmonized system (GHS) classification. Adapted with permission from 
permission from Ref 7, copyright © 2010 WHO. 
GHS category Classification criteria 
 Oral Dermal 
 LD50 (mg/kg 
body weight) 
Hazard 
statement 
LD50 (mg/kg 
body weight) 
Hazard 
statement 
Category 1 < 5 Fatal if 
swallowed 
< 50 Fatal in contact 
with skin 
Category 2 5 - 50 Fatal if 
swallowed 
50 - 200 Fatal in contact 
with skin 
Category 3 50 - 300 Toxic if 
swallowed 
200 - 1000 Toxic in contact 
with skin 
Category 4 300 - 2000 Harmful if 
swallowed 
1000 - 2000 Harmful in 
contact with skin 
Category 5 2000 - 5000 May be harmful 
if swallowed 
2000 - 5000 May be harmful 
in contact with 
skin 
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1.1.2.2. Mode of action 
1.1.2.2.1. Herbicides 
Utility of herbicides is to kill weeds and other plants growing in unwanted places.6 Herbicides can 
act as inhibitors to amino acid synthesis such as acetolactate synthase (ALS), 5-enolpyruvoyl-
shikimate-3-phosphate synthase (EPSPS), glutamine synthase (GS) to prevent production of 
certain amino acids, which are building blocks for plants to grow and develop. Another type of 
herbicide is to inhibit cell division. They react with tubulin, one protein that is necessary for 
making the intracellular skeleton in eukaryotic cells and forming microtubulues’ walls. Herbicides 
can be also employed to disturb photosynthesis in plants by creating free radicals, blocking the 
electron transport system. 
 
1.1.2.2.2. Insecticides 
Insects and other arthropods are killed by insecticides. They can disturb the signal systems in the 
nervous system. For example, pyrethroids can change the axonal conduction in the central nervous 
system and then alter the permeability of sodium and potassium ions through the nerve membrane. 
Pores of lipoprotein structure of insects react with insecticides and then result in distortion and 
excitation of the nerve impulse transmission. Another target of insecticides is acetylcholinesterase 
(AChE). This enzyme plays an important role in the nervous system of animals, except plants. The 
role of AChE is to hydrolyze acetylcholine (AChl), a neurotransmitter stimulates contraction of 
muscle in the peripherial nervous system and inhibits activity of cholinergic system in the central 
nervous system.8 Organophosphorus insecticides can inhibit the active site of AChE to form a 
phosphorylated enzyme. Carbamates can also strongly interact with AChE and influence on the 
activity of acetylcholine receptors.9 Lastly, insecticide, namely benzoylureas can interrupt the 
chitin synthesis of cuticle in insects by interacting with N-acetylglucosamine units. 
 
1.1.2.2.3. Fungicides 
Fungicides are utilized to kill fungi. The main target of fungicides is sulfhydryl (SH) groups, which 
are active sites of many enzymes. The inhibition may happen by a complex formation of active 
chemicals with metal-containing enzymes. Moreover, they can inhibit the ergosterol synthesis in 
fungi.10 
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1.1.3. Effect of pesticide on environment 
Increasing application of pesticides in agricultural areas have resulted in serious polluted 
environment such as water, air, and soil (Figure 1-4).11  
 
 
Figure 1-4: Proposed exposure pathways of pesticides to environment and human. 
 
Although a huge amount of pesticides is applied, approximately 1% of pesticide can reach the 
intended target, the other enters into the environment.12 Some organochlorine pesticides (OCPs) 
such as dichlorodiphenyltrichloroethane (DDT), hexachlorocyclohexane (HCH), endosulfan have 
been reported very stable in environmental conditions. Their half-lives are from few months to 
several years.13 These compounds can be bio-accumulated and reached their toxic levels.14 Thus, 
continuous application of pesticides result in the loss of biodiversity and ecological system.15, 16  
 
1.1.3.1. Water 
Water sources including ground and surface water are contaminated as well due to extensive use 
of pesticides.17, 18 Pesticides are rinsed by rainfall into surface water. Solubility of some pesticides 
such as triazines is very low, they are stable and persist for a long time in ground water and surface 
water. In addition, amount of pesticides in water correlates with components of dissolved organic 
matters, mineral composition, and ionic strength.19 In a research conducted in Hungary, the rate of 
pesticide contamination varied from 2 to 51% in water.20 Atrazine (6%), acetochlor (4%), 
Chapter 1: General introduction 
 
 7 
propisochlor (1.5%), metolachlor (1.5%), diazinon (1%), and 2,4-D (1%) were investigated as the 
most contaminants. In another report, high concentrations of hexachlorohexane (0.259 µg/L) and 
malathion (2.62 µg/L) were detected in the surface water of Ganga river, Uttar Pradesh, India.21 
Furthermore, it was reported that the microbial community in water was affected by the presence 
of pesticides.22, 23 Mauffret et al. suggested that bacterial community tolerance was induced by the 
tested triazines.22 A mixture of insecticides reduced the microbial diversity and its richness. 
Carbaryl and permethrin could change the structure of the microbial community.23     
 
1.1.3.2. Soil  
After spraying, pesticides are absorbed on the surface of organic material in soil. In the absence of 
solid components, pesticides interact with soluble forms of organic matters in the soil. Mobility of 
pesticides increase with increasing concentrations of dissolved organic matter. Pesticide can 
interact strongly with soils via adsorption, ionic binding, hydrogen bonding, van der Waals forces, 
ligand exchange, charge transfer complex, hydrophobic partitioning, and covalent bonding.24 
Many researches have been performed to detect pesticides in soils in China.25-27 Total 
concentration of organochloride pesticides were determined with a mean concentration of 78.83 
ng/g in Ningde, China. HCHs, DDTs and endosulfans were predominantly found in the agricultural 
soils.25 In another research, 3.16 to 265.24 ng/g of total OCPs was detected in the southern regions 
of Shanghai, China.26 In addition, pesticide influences on enzyme activities and microbial 
community in soils.28, 29 Growth of some microorganisms are stimulated by pesticides, while others 
are influenced by depressive effects. Phosphorous insecticide of fenamiphos was reported to be 
harmful to nitrification bacteria, which is important bacteria for conversion of ammonia into nitrate 
in soils. Sannino et al. reported that 5% - 98% of phosphathase enzyme was inhibited by glyphosate. 
Phosphathase enzyme is a crucial enzyme to convert unavailable forms of phosphorous to available 
ones. Thus, use of pesticide induces nitrate and phosphate conversion, which are important natural 
fertilizers for plant growth.30, 31 
 
1.1.3.3. Air 
Application of pesticides in agricultural and non-agricultural areas results in distribution of 
pesticides into atmosphere by evaporation from soil, plants and soil particle erosion by wind.32, 33 
Pesticides are significantly present in gas and particulate phase in atmosphere during and after 
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application period. Transportation of pesticides in air depends on meteorology and pesticide’s 
physical chemical properties. Pesticides with a vapor pressure higher than 10-2 Pa are present in 
the vapor phase and they are in the particle adsorbed phase if it is lower than 10-5 Pa. Moreover, 
spreading of pesticides in an indoor environment can be enhanced by heating, cooling, and 
ventilation systems. In one study, methyl parathion was found in 70% of samples over 49 
compounds in the agricultural site of Mississipi, USA, which was the highest concentration (62 
ng/m3 air) among the pesticides analyzed.34 In another study, nine selected pesticides were 
determined in ambient air in Prince Edward Island, Canada.35 Fungicide, namely chlorothalonil, 
was ubiquitously found in air due to repeated use in potato farms. It was detected with the 
maximum concentration of 45 - 458 ng/m3, which is two times higher than that at agricultural sites. 
 
1.1.4. Pesticide exposure and its effect on human health 
1.1.4.1. Pesticide exposure 
Human are directly exposed to pesticides from occupation, agriculture, and household use and 
indirectly through food (Figure 1-4).36 Skin, oral, eye, and inhalation are the fourth common 
pathways that pesticides enter into human body.37  
 
1.1.4.1.1. Skin exposure 
Skin exposure is the most common and effective route that human are exposed to pesticides.37 
Farmers are exposed to pesticides during preparation and application by spraying pesticide 
solutions.38 Handling methods such as mixing, loading, spraying, and cleaning of spraying 
equipment result in absorption of pesticides in skin. Toxicity of pesticides to skin is dependent on 
duration of exposure, pesticide structures, and body parts being contaminated. Absorption of liquid 
pesticides containing solvents or oil on the skin is faster than the dried forms. In addition, the 
amount of pesticides absorbed depends on the areas of the body.39  Hand is the most easiest part 
for contamination. 
 
1.1.4.1.2. Oral exposure 
Serious diseases, severe injury and even death are caused by entering of pesticides to human body 
through oral exposure.40 Accidental and intentional consumption of pesticides by human beings 
may result in severe poisonings. For example, individuals who smoke or eat food without washing 
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hands after spraying of pesticides. Moreover, inadvertent drinking of pesticide contained bottles 
with wrong labelled bottles after transferring of pesticides to another bottle or food container. In 
some cases, people are poisoned by intentional drinking of pesticides for suicide commitment, 
especially in agricultural areas. After swallowing, pesticides enter into the gastrointestinal tract 
through small intestine. Immediately, they distribute through the entire body via the blood stream 
and poison people.   
 
1.1.4.1.3. Respiratory exposure 
Inhalation of pesticides through nose, throat may cause serious problems to human health via lung 
tissues.38, 40 Rapid absorption of pesticides’ vapor and fine particles of the sprayed solution makes 
an increase on respiratory exposure. Degree of toxicity may be decreased by diluting the sprayed 
solution and low-pressure application due to generation of large droplets. In contrast, sprayed 
equipment that create high pressure, ultra-low volume, and fogging enhance the hazard level due 
to easily entering of small droplets into the human body.      
 
1.1.4.1.4. Eye exposure 
Pesticides also have potential hazards to eyes owning to fast absorption through the eye membrane. 
It was reported that irritation in eyes and face accounted for 64.3% of farmers in Gaza Strip.41 
Granular formation of pesticides may pose a potential high risk to the eyes according to the size 
and weight of individual particles.38 When applicators use powerful equipment to spray pesticide 
solutions, they may bounce off and cause significant damage to eyes as well as poisoning. 
 
1.1.4.2. Impacts of pesticide on human health 
Continuous exposure to pesticides have been linked to various diseases on human being including 
carcinogenicity, neurotoxicity, pulmonotoxicity, reproductive toxicity, developmental toxicity, 
metabolic toxicity as listed in Table 1-2.36, 42, 43  
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Table 1-2: Diseases contributed by pesticides found on human being. 
 
Disease types Disease-based evidence 
Carcinogenicity 
The nervous system: brain tumors, neuroblastoma 
The digestive system: esophageal, stomach, colorectal, liver, 
gallbladder, and pancreatic cancer 
The hematopoietic system: leukemia, lymphoma, and multiple 
myeloma 
The bone and soft tissues: bone tumors, soft tissue sarcoma 
The urinary system: kidney and bladder cancer 
The male reproductive system: prostate and testicular cancer 
The female reproductive system: breast, ovarian, and cervical 
cancer 
The head and neck: Eye, laryngeal, lip, and mouth cancer 
Miscellaneous: lung, thyroid, and skin cancer 
Neurotoxicity  Alzheimer, parkinson, amyotrophic lateral sclerosis 
Pulmonotoxicity Asthma, chronic bronchitis, wheeze, and low respiratory tract infections (LRTIs) 
Reproductive toxicity Infertility, low quality of semen, birth defects, changed sex ratio, maturation, and hormones 
Developmental toxicity Attention deficit hyperactivity disorder (ADHD), autism, and developmental delay   
Metabolic toxicity Diabetes, obesity 
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1.1.5. Pesticide analysis by modern techniques 
Pesticide residues have traditionally analyzed by modern chromatographic methods involving gas 
chromatography mass spectroscopy (GC - MS),44, 45 liquid chromatography mass spectroscopy 
(LC - MS),46, 47 supercritical fluid chromatography (SFC).48, 49 Although these techniques can offer 
high sensitivity, good selectivity, and trace analysis with good reproducibility, the analysis requires 
sophisticated instruments, tedious sample preparation and purification steps, highly skilled 
operator, high cost analysis, and are not available for on-site applications. Hence, significant 
efforts have been dedicated for exploiting alternative strategies for sensitive, selective, accurate, 
user-friendly devices that are able for on-site detection of pesticides. Screen-printed electrodes and 
paper-based analytical devices have been drawn much attention on fabrication relying on their 
facile, sensitive, and portable characteristics.  
 
1.2. Electrochemistry on screen-printed electrodes 
1.2.1. General 
Miniaturization plays an important role in the growth of current analytical tools. Disposable 
electrochemical sensors replied on screen printing technology have brought significant 
contribution for economical and practical feasibility.50 Screen-printed electrodes (SPEs) have 
shown their advantages in situ and on-site analysis in biomedical, pharmaceutical, industrial, and 
environmental fields due to extraordinary material properties, easiness, disposability, and fast 
response times.  
 
1.2.2. Electrode fabrication 
In general, SPEs are made by screen-printing of different kinds of inks on distinctive platforms 
like ceramic or plastic substrates. Components of ink contribute mainly to selectivity and 
sensitivity of the devices. A mesh screen with a suitable size and shape is employed in screen-
printing technique. Patterns of electrodes are designed on the mesh screen. For printing, a viscous 
ink containing graphite, carbon, gold, silver, polymer with binders, plasticizers, solvents, additives 
such as enzymes, metal oxides, or ion exchangers is put on the mesh screen of ceramic or plastic 
substrates. After that, the ink can be distributed through the whole mesh screen by a squeegee 
blade or roller (Figure 1-5). By the sheer force, the ink penetrates through the mesh screen and 
contact with the substrate. Then, the mesh screen is removed and the fabricated SPE is cured in an 
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oven at a certain temperature and time to make sure that the solvent is evaporated and the ink 
solidifies.  
Figure 1-5a demonstrates screen-printed electrode fabrication on a paper substrate by screen-
printing and a Dimatix printer. First, silver nanoparticle ink was printed as reference electrodes 
and conducting pads by the Dimatix printer. Then, carbon paste ink was screen-printed as working 
electrodes and counter electrodes before being sintered at 120°C for 15 min. Finally, a solution of 
FeCl3 was printed to form reference electrodes of Ag/AgCl.51 Figure 1-5b shows the proposed 
screen-printed carbon electrode fabrication according to Karuwa and coworkers.52 Carbon paste 
ink and graphene ink were mixed and screen-printed as working and counter electrodes on the 
plastic substrate, normally polyvinyl chloride (PVC). Later, the screened substrate was sintered in 
an oven before screen-printing of silver/silver chloride (Ag/AgCl) paste ink as the reference 
electrode and conducting pad. After that, the carbon paste ink was printed as the conducting pad 
for connecting with a potentiostat. Electrodes were sintered in an oven again before screen-printing 
of insulating ink to define the detection area. 
Popular ink materials for screen-printing are carbon, silver, and gold paste. The carbon ink is the 
most popular one because it is low-cost, chemically inert, adaptable, and easily to be modified. 
Conducting pad and reference electrode (RE) are made of silver (Ag) and silver/silver chloride 
(Ag/AgCl) ink, respectively. Gold (Au) ink is sometimes taken for enhancing sensitivity and for 
functionalizing with thiol containing compounds via a strong interaction between Au and sulfur 
groups. The gold ink is dispersed with suitable solvent like xylene and polymeric additives, which 
is then treated with an infrared radiation to become conductive. 
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Figure 1-5: a) Example for screen printing of electrodes on a paper substrate. b) Fabrication step 
of a typical screen-printed electrodes on a plastic substrate. c) Screen-printed electrode including 
working electrode (WE), counter electrode (CE) and reference electrode (RE). 
 
 
 
 
C. 
a) 
b) 
c) 
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1.2.3. Effect of ink components for a home-made SPE fabrication 
1.2.3.1. Plasticizer and its content 
Polarity of plasticizer (dielectrical constant, e) can greatly influence on the electrode performance, 
sensitivity, and selectivity.53 2-nitrophenyl octyl ether (o-NPOE), dioctyl phthalate (DOP), dioctyl 
sebacate (DOS), di-n-butyl phthalate (DBP), and tricresyl phosphate (TCP) are common 
plasticizers for electrode fabrication. The amount of plasticizer is an important factor as it gives 
an effect on the ink’s viscosity, adhesion, thickness, ohmic resistance, and the analytical 
implementation of the electrode. By increasing the plasticizer content, the ink viscosity, the 
electrode thickness, and ink adhesion are decreased. In contrast, the ohmic resistance increases 
when the plasticizer amount is increased. Moreover, the electrochemical performance is not 
improved in the case of increasing the plasticizer. This is attributed by the electrochemical 
resistance increase, which decreases the potential response. 
 
1.2.3.2. Binding material 
The carbon ink normally contains graphite powder and polymer matrix. The polymer matrix can 
be polymers such as polyvinyl chloride, cellulose acetate, polycarbonate, polyacrylic acid, or 
epoxy resin, which are soluble in solvents.54 A common binder concentration is from 5 to 10 (wt%). 
The electrode thickness and ohmic resistance increase upon increasing of the binder concentration. 
However, the ink becomes cracked and peeling off when the binder concentration is lower than its 
optimal level. 
 
1.2.3.3. Carbon content 
The electrode adhesion and ohmic resistance are affected by the carbon amount in the carbon ink. 
Carbon powder size is optimal from 1 - 2 µm for screen-printing ink. It was also reported that there 
is no significant difference in electrode performance according to varying of the carbon amount in 
the fabricated ink. 
 
1.2.3.4. Solvent 
The ink is mixed with a moderate boiling point solvent for screen-printing technique, which 
ensures the ink homogeneity during storage, preparation, and printing.55 Solvent contributes to 
viscosity of conductive ink formulation. Less solvent will lead to less viscous solution. Conductive 
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ink is usually prepared in a solvent with a vapor pressure of 0.5 kPa at 293 K such as cyclohexane. 
Cyclohexane is sometimes blended with acetone to maintain the optimal balance of ink properties. 
 
1.2.4. Equipment for electrochemical techniques 
1.2.4.1. Working electrode (WE) 
The working electrode is an electrode where a reaction of interest occurs (Figure 1-5c). It is an 
electronic conductor, which is in contact with an ionic conductor.56 The ionic conductor is an 
electrolyte solution. In addition, solid electrolytes or ionic melts can be employed as well. WE 
should be chemically inert and act as a source of electrons. Electrodes are made of materials that 
should not react with solvent or supporting electrolytes. Noble metals, glassy carbon or graphite 
are suitable with these requirements. It is noteworthy to mention that selection of working 
electrodes depends on available potential working window. There should be no signals of 
undesirable contaminants in the selected potential window. In a positive potential window, 
platinum, gold or carbon (graphite, glassy carbon) electrodes are usually employed. In contrast, 
mercury electrodes are taken in a negative potential owning to its high overpotential of hydrogen 
reduction. 
 
1.2.4.2. Reference electrode (RE) 
Utility of a reference electrode is to control a potential of the working electrode in voltammetry or 
to measure a potential of indicator electrode in potentiometry (Figure 1-5c). It is kept at a constant 
potential in an electrochemical cell. The following characteristics of a reference electrode should 
be fulfilled: (i) It should have the characteristic of chemical and electrochemical reversibility; (ii) 
Its potential must stay constant; (iii) Its thermal constant should be small. The reference electrode 
(pseudo reference electrode) is often made of silver/silver chloride (Ag/AgCl) due to its 
reproducible potential, facile construction, and free of mercury. In a two-electrode system, a 
current usually passes over the reference electrode, which causes instability of the electrode 
potential. Therefore, it is necessary to construct the working electrode that has a smaller surface 
area to avoid the influence of the applied potential on the reference electrode.   
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1.2.4.3. Counter electrode (CE) 
Counter electrode or auxiliary electrode is utilized in a three-electrode system in which the current 
moves between working and counter electrodes (Figure 1-5c). The area of the counter electrode 
should be larger than that of working electrode to prevent its effect on current measurement. The 
counter electrode is usually a piece of platinum, or titanium wire. In screen-printed electrodes, 
carbon is often utilized as the counter electrode. 
 
1.2.4.4. Potentiostat 
An electronic instrument that controls a potential difference applied to an electrochemical cell, is 
called potentiostat.57 It is an important instrument in analytical studies to properly understand, 
analyze, and distinguish different phenomena happening at interfaces. This function is carried out 
by a particular software, namely microprocessor. Moreover, the electronic interface components 
such as analogue/digital and digital/analogue converters are necessary to fast and accurately 
control short conversion times.  
 
1.2.5. Nanomaterials for electrode modification 
Modification of electrode surfaces with nanomaterials can offer high sensitivity and selectivity in 
electrochemical detection.58 Modification of the electrode surface with nanomaterials can enhance 
surface kinetics, accelerate the electrochemical reactions, adsorb the analytes greatly on the 
electrode surfaces, and provide active sites for further functionalization. 
Amongst nanomaterials, carbon nanotubes (CNTs) have been extensively studied for detection of 
biomolecules and development of biosensors.59 Metal nanoparticles also gain significant attention 
due to their catalytic properties and high surface area. Electrodes are often modified by metal 
nanomaterials such as Au, Pd, Ag, Pt for electrode modification. Metal nanoparticles are shown to 
improve the sensitivity, selectivity of the electrodes. Moreover, selectivity and sensitivity of 
electrodes can be improved by employing nanostructured polymer such as conductive polymers.60 
Conductive polymers include polythiophene, polypyrrole, and polyaniline have extensive p 
conjugated chains, which can accelerate the charge transfer rate.   
Nanomaterials can be modified on the electrode surfaces by several strategies. Drop-casting is the 
most common method, in which the nanomaterial is casted on the electrode surfaces with the aid 
of suitable solvents. Another method is to blend the nanomaterials with the carbon paste and uses 
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for electrode preparation.61 Moreover, nanomaterials such as metal nanoparticles and 
nanostructured polymer are electrochemically deposited on the electrode surfaces. 
 
1.2.6. Pesticide analysis by screen-printed electrodes (SPE) 
Screen-printed electrodes (SPEs) have given significant attraction to researchers due to their 
suitability, disposability, simplicity, portability, and rapid response.59, 62, 63 Thus, they have been 
applied for pesticide analysis since 1995 along with a long history of electrochemistry. There are 
three mainly biological recognition elements including enzyme, antibody, aptamer and one non-
enzyme-based recognition element that have been reported for pesticide analysis based on SPEs 
(Appendix, Chapter 1, Table A-2). 
 
1.2.6.1. Enzyme-based biosensors  
1.2.6.1.1. Acetylcholinesterase (AChE) 
Acetylcholinesterase is the most popular enzyme for electrochemical detection due its high affinity 
and selective binding to pesticides. For the AChE-based electrochemical biosensor, pesticide can 
be determined by using two enzymatic substrates: acetylthiocholine chloride (ATCh) and 
acetylcholine chloride (AChl). For the pesticide determination using AChl as the enzymatic 
substrate, the AChE-catalyzed hydrolysis of AChl generates acetic acid, which changes pH of the 
surrounding environment. Potentials under null current conditions are measured by a 
potentiometric technique. Dutta et al. reported an electrochemical biosensor for monocrotophos, 
malathion, metasystox, lannate detection based on this detection mechanism.64 Polyacrylamide 
and N,N’-dimethylene-bis-acrylamide (BIS) were entrapped on screen-printed electrode surfaces 
as a selective membrane to H+. This biosensor can detect these pesticides with detection limits 
from 0.2 to 1.5 µg/L. 
In addition, ATCh is used as the most common substrate for the AChE-based electrochemical 
biosensor thanks to its oxidation reaction under the applied potential. Electrochemical biosensors 
for pesticide detection based on AChE and ATCh motif can be classified into two groups in which 
disposable electrodes are not modified or modified with redox mediators. Concerning of 
unmodified electrodes with redox mediators, suppression of enzyme activity by it inhibitors lead 
to concentration dependence. The AChE-mediated hydrolysis of ATCh generates thiocholine 
(TCh), which is oxidized and determined by electrochemical methods. In one study,  an 
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amperometric biosensor relied on physical absorption of AChE on screen-printed platinum 
electrodes was devoted for detection of methamidophos.65 In a similar detection mechanism, a 
portable potentiostat was developed for determination of neurotoxic agents in water (Figure 1-6).66 
AChE/SPE electrode was integrated with a self-developed portable potentiostat. An analog to 
digital (A/D) converter and a serial interface were employed for transferring of data to a PC. A 
self-developed software integrated with Lab-Windows CVI was applied to record and process the 
obtained data. In another report, the biosensor sensitivity can be enhanced by including carbon 
black (CB) in electrode preparation.67 AChE was encapsulated in chitosan for enzyme stabilization. 
The biosensor linearity was up to 0.5 µg/L with a LOD of 0.05 µg/L for paraoxon.  
 
 
Figure 1-6: Miniaturization of an electronic device integrating with a portable potentiostat. 
Reprinted with permission from Ref 66, copyright © 2008 Elsevier B.V. 
 
Moreover, redox mediators are modified on screen-printed electrodes for pesticide analysis in 
order to reduce high overpotential (0.6 - 0.8 V) at conventional electrodes, which can eliminate 
electrochemical interferences in sample solutions. The most intensive researches have been paid 
attention on Prussian Blue (PB) as a redox mediator due to its stability and easiness of preparation. 
The generated TCh from the AChE-catalyzed hydrolysis reduces PBox to PBred, which is later re-
oxidized on the electrode surfaces. In one report, AChE coated PB/SPE was elaborated for 
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diagnosis of carbamate and organophosphate pesticides.68 AChE was covalently bonded with PB 
coated on screen-printed carbon electrodes using glutaraldehyde in presence of bovine serum 
albumin (BSA). After being inhibited by pesticide, the enzymatic substrate of ATCh was 
introduced for signal generation. PB-mediated oxidation signal was recorded at 0.2 V with LOD 
of 30, 20, and 5 µg/L for aldicarb, paraoxon, parathion-methyl, respectively. Enlighted from the 
above mentioned mechanism, AChE/PB/SPE was also devoted for aldicarb and carbaryl 
analysis.69 In this study, effect cobalt phthalocyanine (CoPC) and PB for electrode modification 
was compared in which PB demonstrated a better performance capability. In a similar detection 
mechanism, hexacyanoferrate ([Fe(CN)6]-3) have been reported as a really diffusible redox 
mediator in solution. The generated TCh reduced [Fe(CN)6]-3 ion in the working solution to 
ferrocyanide [Fe(CN)6]-4, which was re-oxidized to [Fe(CN)6]-3 on the working electrode and 
generated the electrochemical signal. Neufeld et al. developed a micro flow injection 
electrochemical biosensor for determination of 2,2-dichlorovinyl phosphate (DDVP).70 By using 
the same detection mechanism, AChE was immobilized on cysteamine/Au-SPE via glutaraldehyde 
coupling reagent.71 In this research, electrochemical interferences and possible reversible AChE 
inhibitors such as Cd2+, Cu2+, Fe3+, Mn2+, and glycoalkaloids present in sample solutions can be 
eliminated by using a medium exchange method. Furthermore, combination of PB with 
nanomaterials and conducting polymers was also reported for sensitive detection of pesticide. In 
one study, PB nanocubes and reduced graphene oxide  nanocomposite were reported for 
monocrotophos pesticide detection with a LOD of 0.1 µg/L.72 In another research, PB was co-
deposited with polyaniline (PANi) conducting polymer and 7,7’,8,8’-tetracyanoquinodimethane 
(TCNQ) on SPE for detection of chloropyrifos-methyl, coumaphos, and carbofuran.73 The 
developed biosensors can determine these pesticides with detection limits of 6.4, 18.1, 1.8 µg/L, 
respectively. AChE was also immobilized on graphene magnetic particles 
(GMP)/nafion/PB/ZrO2/CNTs/SPCE for dimethoate detection with an extraordinary LOD of 
5.6x10-4 µg/L.74 An acetylcholinesterase (AChE)-coated Fe3O4/Au (GMPs) was firstly synthesized. 
Then, GMP-AChE mixture was added on surfaces of carbon nanotubes (CNTs)/nano-
ZrO2/PB/nafion coated SPCE for pesticide determination.   
Finally, cobalt (II) phthalocyanine75-77 and conducting materials such as poly(styrenesulfonate) 
(PSS) and poly(3,4-ethylenedioxythiophene) (PEDOT),78 dicyclohexyl phthalate (DCHP)79 were 
employed as an electrocatalytical mediator for pesticide analysis. These materials catalyzed the 
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oxidation of TCh and reduced the high overpotential at conventional electrodes to avoid 
electrochemical interferences.  
 
1.2.6.1.2. Engineering AChE 
Engineering AChE is employed to enhance not only storage stability, but also sensitivity of 
biosensors. ATCh is taken as the enzymatic substrate and its detection mechanism is as similar as 
using normal AChE without redox mediators mentioned above. Firstly, engineering AChE B 
prepared from  Nippostrongylus brasiliensis has been applied for pesticide analysis.80 The LOD 
for pirimiphos methyl was decreased to a value of 1 ng/L from 10 µg/L as compared with using 
normal AChE. Stability of this disposable biosensors was excellent, 17-month as they were stored 
at room temperature. In addition, immobilization of engineered AChE on poly(vinyl alcohol)/Fe-
Ni alloy nanocomposite was conducted for determination of phosmet in olive oil.81 Fe-Ni alloy 
was used to amplify the current response and decrease the applied potential from 0.08 V to 0.03 
V. The detection limit was found to be 0.03 µg/L and the storage stability was more than one 
month at 4°C in sealed plastic boxes. In another research, genetically engineered 
acetylcholinesterase was encapsulated in chitosan and poly(vinyl alcohol) nanofibers for 
pirimiphos-ethyl detection in olive oil.82 In this study, AChE was coated on the CoPC/SPE 
electrode surfaces. The biosensor sensitivity was improved by two-folds with a LOD of 0.06 µg/L.  
 
1.2.6.1.3. Butyrylcholinesterase (BuChE) 
Pesticides are also determined by disposable biosensors using butylrylcholinesterase (BuChE) as 
a recognition element. Butylrylthiocholine (BuTCh) is used as an enzymatic substrate for this 
enzymatic reaction mechanism. The BuChE-catalyzed hydrolysis of BuTCh generates TCh, which 
is detected by electrochemical techniques. In one report, a portable biosensor of BuChE/SPE 
integrated with QuEChERS was reported for paraoxon extraction from a whole fatty matrix with 
a LOD of 6 µg/L.83 In this research, BuChE was immobilized on CB/SPE for sensitivity 
improvement. In another study, a disposable biosensor was studied to determine chemical warfare 
agents such as sarin and (O-ethyl-S-[2(diisopropylamino)ethyl] methylphosphonothioate (VX) in 
gas phase.84 BuChE was covalently immobilized on PB/SPE via using glutaraldehyde coupling 
reagent. The biosensor was exposed to warfare agents via a gas stream generation system. After 
that, the remained active enzyme was determined by adding BTCh solution. The generated TCh 
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reduced PBox to PBred, which was then re-oxidized on the electrode surface by an amperometric 
method. LODs of 12 and 14 µg/L were achieved for sarin and VX, respectively. Moreover, Cinti 
et al. have fully integrated a ready-to-use paper-based electrochemical biosensor to analyze 
paraoxon using BuChE/PB/CB/SPE electrode.85 The carbon ink was screen-printed on a paper 
substrate owning to its uncontest advantages of simplicity and low cost. The biosensor sensitivity 
can be enhanced greatly by using a nanocomposite of CB and PB with a LOD of 3 µg/L for 
paraoxon. Lastly, an origami multiple paper-based electrochemical biosensor was introduced for 
paraoxon, 2,4-dichlorophenoxyacetic acid (2,4-D), and atrazine detection using BuChE, alkaline 
phosphatase, and tyrosinase, respectively (Figure 1-7).86 Carbon black was taken to enhance the 
sensitivity of biosensors to 2,4-D and atrazine and PB were used as a redox mediator for paraoxon 
detection. In this study, two different paper-based SPEs were integrated with multiple filter paper-
based pads for loading of enzymes and their substrates. The versatile analysis was conducted by 
folding and unfolding of the filter paper-based substrates without introducing any reagents.  
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Figure 1-7: Configuration of an origami paper-based SPE and its measurement procedure. 
Reprinted with permission from Ref 86, copyright © 2018 Elsevier B.V. 
 
1.2.6.1.4. Tyrosinase 
Tyrosinase is a polyphenol oxidase that can hydrolyze phenolic substrates to generate catechol 
derivative of o-quinone. Then, o-quinone is oxidized on the electrode surfaces. A better tolerance 
to high temperature and organic solvents can be obtained by using tyrosinase-based biosensor. 
Tyrosinase is inhibited by a variety of inhibitors such as cyanide, chlorophenols, atrazine, 
dithiocarbamate and carbamate pesticides.87 In one report, tyrosinase was mixed with carbon ink 
and cured at 110°C on electrode surfaces.88 The tyrosinase-based biosensor showed a high storage 
stability, in which 4% and 15% of the enzymatic activity were decreased after 30 and 60 days at 
5°C, respectively. Moreover, tyrosinase enzyme was immobilized on the surface of cobalt (II) 
phthalocyanine modified on cellulose coated graphite screen-printed on a polycarbonate support 
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via glutaldehyde and bovine serum albumin.89 The enzyme activity was decreased by 20% of the 
initial value after 15 days at 4°C. 
 
1.2.6.1.5. Organophosphorus hydrolase (OPH) 
Organophosphorus hydrolase (OPH) enzyme is immobilized on screen-printed electrode surfaces 
for organophosphate pesticide determination due to its simplicity and specificity to OP insecticides. 
OPH can hydrolyze a wide range of organophosphate pesticides such as parathion, paraoxon, 
diazinon and chemical warfare agents. After hydrolyzing organophosphates, proton is released as 
by-product, which can be determined by a potentiometric method. Gäberlein et al. devoted a 
disposable potentiometric biosensor for direct and rapid detection of organophosphorus 
insecticides based on this enzyme.90 N,N-dioctadecylmethylamine was taken as a H+-selective 
ionphore. The biosensors remained 60% of its initial activity after 70 days at 4°C.  
 
1.2.6.1.6. Choline oxidase (ChOX) 
Paraoxon is determined by using choline oxidase (ChOX) enzyme as well. In one study, ChOX 
was immobilized on PB coated SPE as a simple mono-enzyme biosensor.91 This method took 
choline as an enzymatic substrate of choline oxidase. H2O2 generated from the ChOX-catalyzed 
hydrolysis of choline oxidized PBred to its oxidation form of PBox, which was reduced on electrode 
surfaces and quantified by an amperometric technique with a LOD of 29.13 µg/L.  
 
1.2.6.1.7. Miscellaneous 
Combination of enzymes is conducted for biosensor development to offer a better sensitivity and 
selectivity.92 In one research, a bienzymatic biosensor based on AChE and ChOX coated polymer 
electrodes were introduced for amperometric real time monitoring of pesticides.93 Acrylamide and 
N,N’-methylenebisacrylamide were coated on the surface of screen-printed electrode by an 
initiator potassium peroxodisulphate (K2S2O8). In general, the detection mechanism was relied on 
the AChE-catalyzed hydrolysis of AChl, which generated choline. Choline was then catalyzed by 
ChOX enzyme to produce H2O2. The generated H2O2 can be detected directly on the electrode 
surface. However, this detection mechanism offered low detection level of mg/L in sensitivity. A 
signal enhancement can be done by adding 3,3’,5,5’-tetramethyl-benzidine (TMB) and horse 
radish peroxidase (HRP) into the enzymatic mediator. Oxidation of TMB by H2O2 was enhanced 
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in presence of HRP. Then, TMB was re-reduced again on the electrode surface and detected by an 
amperometric method with a LOD of 0.1 µg/L. In another study, a bi-enzymatic bioassay based 
on AChE and ChOX coated PB/SPE was reported for determination of coumaphos in honey.94 
Coumaphos is a phosphotionate insecticide, which needs to be transformed into a corresponding 
oxo-form in order to inhibit AChE enzyme. Thus, coumaphos was oxidized by N-
bromosuccinimide (NBS) and determined by the bioenzymatic bioassay. The generated H2O2 from 
the enzymatic reaction oxidized PBred to PBox, which was later reduced on electrode surfaces by 
an amperometric method. In a similar reaction mechanism without using N-bromosuccinimide,  
Carlo et al. devoted a biosensor relied on co-deposition of ChOX and AChE enzyme on PB-coated 
disposable SPEs for determination of pirimiphos-methyl in durum wheat with a LOD of 38 µg/L.95 
In addition, combination of a wild-type enzyme with engineered enzyme was reported for 
determination of organophosphate and carbamate insecticides in milk.96 The working electrode 
was screen-printed with hydroxyethyl cellulose (3%), 7,7’,8,8’-tetracyanoquinonodimethane 
(TCNQ, 15%), and graphite before introduction of enzyme using glutaraldehyde as a coupling 
reagent. In this research, ATCh was used as the enzymatic substrate, which was hydrolyzed by 
AChE to TCh. TCh was then oxidized on the electrode surface. Detection limits of biosensors for 
carbaryl and paraoxon were 20 and 1 µg/L, respectively. Moreover, screen-printed bienzymatic 
sensor was studied for detection of paraoxon and parathion employing AChE (Nippostrongylus 
brasiliensis) and cytochrome P450 BM-3 mutant.97 AChE and cytochrome P450 BM-3 mutant 
were encapsulated in sol-gel on a surface of working screen-printed electrode made by TCNQ and 
graphite. Use of P450 BM-3 was to convert parathion to paraoxon, which is available for AChE 
inhibition. The AChE-catalyzed hydrolysis of ATCh formed TCh, which was detected by an 
amperometric method.  Detection limits achieved for paraoxon and parathion were 1 and 10 µg/L, 
respectively. However, the storage stability of this bienzymatic biosensor was decreased by 
approximately 20% after 4 weeks at 4°C, which is less stable than the other previously reported 
articles (days to more than one year). This can be ascribed to employing a fragile P450 BM-3. 
Furthermore, combination of AChE with peptide nanotubes (PNTs) was researched for the 
determination of organophosphate vapor by using gold-coated SPEs.98 Gold-based SPEs 
demonstrate their great potentials for pesticide analysis due to its good sensitivity enhancement. 
PNTs was encapsulated with HRP and co-immobilized on the electrode surfaces with AChE. The 
AChE-catalyzed hydrolysis of ATCh generated TCh, which was oxidized by HRP. The direct 
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electrons transfer between HRP and PNTs can be recorded by using a cyclic voltammetry (CV) 
method. The biosensor enabled to detect malathion in gas phase down to 12 ppbv (µg/L per 
volume) and its stability can be maintained for 45 days at 4°C in a dry storage condition. 
 
1.2.6.1.8. Photosystem II-based biosensor 
Photosystem II (water-plastoquinone oxidoreductase) is a protein complex in light-dependent 
reactions of oxygenic photosynthesis.99 In this photosystem, enzymes take photons of light to boost 
electrons and be transferred via a variety of coenzymes. The energized electrons are then replaced 
by oxidizing water to generate a molecular oxygen and hydrogen ions. Koblížek et al. studied a 
biosensor for determination of triazine and phenylurea herbicides based on photosystem II (PSII) 
modified graphite screen-printed electrodes.100 In this research, PSII was isolated from 
cyanobacterium Synechococcus elongatus and coated on the surface of electrodes. The blocking 
degree of PSII electron transport activity by herbicide was proportional to it concentrations. The 
biosensor was exposed to a flow microcell for illumination of light. The remained active PSII 
reduced artificial acceptors such as duroquinone or ferricyanide. The reduced forms of these 
acceptors were then re-oxidized on electrode surfaces of the electrodes. Detection limits were 
approximately 0.21 µg/L for diuron, atrazine, and simazine. In another research, a multi-biosensor 
relied on immobilization of Photosystem II on SPEs was applied for simultaneous detection of 
diuron, atrazine, terbuthylazine, and desethylterbutilazine.101 The photosynthetic thylakoid was 
extracted from Spinacia oleracea L. and Senecio vulgaris and immobilized on electrode surfaces 
using BSA and glutaraldehyde as blocking and coupling reagents, respectively. Additionally, Maly 
et al. designed a new biosensor for direct mediatorless electron transport between monolayers of 
PSII and poly(mercaptol-p-benzoquinone) (PolySBQ) coated screen-printed gold electrodes as the 
detection mechanism mentioned above normally took an artificial mediator such as duroquinone 
or ferricyanide.102 PolySBQ was synthesized and electrodeposited on the gold electrode surface 
by a potentiostat, followed by incubating with PSII in darkness place for 20 min. In this study, 
PSII was isolated from the thermophilic cyanobacteria Synechococcus bigranlatus. The biosensor 
can successfully determine diuron with a LOD of 0.16 µg/L.  
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1.2.6.2. Antibody-based biosensor 
Antibody acts as a biorecognition element in fabrication of an immunosensor that can selectively 
and sensitively recognize a corresponding antigen. The rapid development of nanotechnology has 
opened great opportunities for sensitive immunoassay fabrication by incorporating of 
nanomaterials with antibody. Various nanomaterials such as carbon nanotubes (CNTs), graphene 
and graphene oxide (GO), magnetic beads (MBs) and magnetic nanoparticles (MNPs) have been 
applied for antibody-based detection of pesticides. In one study, a lateral flow test strip integrated 
with CNTs coated screen-printed electrode was reported for detection of organophosphorus agents 
(Figure 1-8).103  
 
 
 
Figure 1-8: A portable analytical system integrated with SPE for organophosphate pesticide 
detection. Reprinted with permission from Ref 103, copyright © 2011 American Chemical Society.  
 
The anti-AChE was modified on a test zone, which was cut after completing the immunoassay and 
dropped on electrochemical cells for current intensity measurement. Two parallel measurements 
including post-exposure and baseline AChE were conducted using ATCh as an enzymatic 
substrate. The AChE-catalyzed hydrolysis of ATCh formed TCh, which was detected by square 
wave voltammetry (SWV). After that, the phosphorylated AChE was reactivated and the AChE 
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inhibition degree was calculated by subtracting the baseline. This approach was successfully 
applied for chlopyrifos oxon detection as a model OP agent with a good LOD of 6.69 ng/L. In 
another study, a solid phase extraction micro-cartridge of a non-polar polystyrene absorbent matrix 
was integrated with an electrochemical immunoassay analyzer (EIA) for diuron herbicide 
analysis.104 A mixture of anti-diuron and diuron at different concentrations was mixed and added 
on hapten-functionalized CNTs coated SPE for competitive immunoassay. After washing, a 
solution of anti-rabbit IgG-alkaline phosphatase was introduced and incubated for 30 min before 
washing and a substrate solution of 1-napthyl phosphate was added for signal generation. Current 
intensities were characterized by differential pulse voltammetry (DPV) with a LOD of 0.1 ng/L. 
In another report, a composite of gold nanoparticles (AuNPs), poly(aniline-co-3-aminobenzoic 
acid), and multi-walled carbon nanotubes (MWCNTs) was co-deposited on SPEs by 
electrochemical method for 1,2-D analysis.105 This research used carboxylated groups as anchor 
sites for 1,2-D antibody via 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) coupling reagents. The amount of 1,2-D antigen bound to 1,2-D 
antibody was analyzed by impedance electrochemical spectroscopy (EIS). 
In addition, an immunosensor based on functionalized graphene (fG) coated on SPEs has been 
elaborated for a highly sensitive determination of parathion.106 The fG functionalized with 
carboxylated (COOH-) groups was covalently coupling with 2-aminobenzyl amine (2-ABA) for 
immobilization of parathion antibody using EDC and sulfo-NHS. EIS was utilized to analyze the 
bound parathion with a LOD of 52 ng/L. In another report, bio-functionalized graphene-graphene 
oxide (fG-GO) nanocomposite was also utilized for detection of diuron based on electrochemical 
immunosensing.107 fG-GO was functionalized with carboxyl groups (COOH-) for protein-hapten 
(BSA-DCPU) immobilization employing EDC and NHS coupling reagents. The basic principle 
detection was based on a competitive reaction between diuron and protein-hapten with a limited 
amount of antibody sites (diuron antibody). A secondary antibody was marked with alkaline 
phosphatase to convert napthyl phosphate into its electroactive form of napthol. The oxidation 
current intensities were acquired by SWV. Consequently, a very high sensitivity of 0.01 ng/L can 
be achieved due to the electrochemical electrical signal enhancement of fG-GO. Enlighted from 
the above strategy, graphene quantum dot (GQD) coated SPEs immunosensor was applied for 
detection of parathion.108 The GQD was functionalized with amine groups by electrochemical 
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deposition of 2-ABA, which was used for immobilization of parathion antibody using Schiff bases 
via amine functionalized GQD and aldehyde groups on the antibody. 
Furthermore, detection of 2,4-dichlorophenoxyacetic  acid (2,4-D) herbicide was implemented on 
a polyclonal anti-2,4-D antibody modified magnetic beads (MBs) coated screen-printed electrode 
using an immunomagnetic electrochemical sensor.109 The detection principle was relied on a 
competitive binding of 2,4-D and 2,4-D marked with alkaline phosphatase (AP) to a polyclonal 
anti-2,4-D antibody. The enzymatic substrate for alkaline phosphatase enzyme was [(4-
hydroxyphenyl)aminocarbonyl] cobaltocenium hexafluorophosphate. The immunosensor was 
able to determine 2,4-D with a LOD of 0.01 µg/L. In another study, a magnetic electrochemical 
immunoassays using cadminum source quantum dots (QDs) labels has been devoted for 
determination of phosphorylated acetylcholinesterase in plasma.110 Preparation of OP-AChE was 
conducted by incubating human AChE with paraoxon. The antiphosphorine polyclonal antibody 
(Ab1) was captured with amorphous magnetic particles (MPs). The second antibody (Ab2) of 
antihuman AChE was marked with QDs and served as a signal amplification method. The principle 
was that Ab1 captured OP-AChE from sample matrixes by binding with phosphoserine moieties. 
Then, Ab2 bound to the AChE and a release of cadmium in acid media was determined by SWV 
with a LOD of 0.15 µg/L. 
 
1.2.6.3. Aptamer-based biosensor 
Aptamers are single nucleic acid molecules made from a systematic development of exponential 
enrichment approach from a sequence library.111 Aptamers have low molecular weight, low cost, 
and are simple to synthesize. Moreover, they possess high stability, high tolerance to denaturation. 
Aptamers can recognize targets via “lock-and-key” approach by molecular shape 
complementarities, stacking of aromatic rings, electrostatic, hydrogen bonding, and van der Waals 
interactions. In one research, an electrochemical DNA aptasensor was elaborated for sensitive 
analysis of acetamiprid by Rapini et al.112 The working principle was based on a competitive 
reaction between biotinylated oligonucleotide (oligo2) and acetamiprid with thiolated aptamer 
(oligo1), which was immobilized on PANi and AuNPs coated SPEs. After that, the biotinylated 
hybrid was coupled with a streptavidin-alkane phosphatase on the electrode surfaces. 1-naphthyl-
phosphate was taken as an enzymatic substrate in which the generated product, 1-naphthol, was 
determined by differential pulse voltammetry. In another study, a novel label-free electrochemical 
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aptasensor was studied for determination of diazinon relied on AuNPs coated screen-printed 
graphite electrodes.113 Thiolated aptamer was incubated on AuNPs-screen printed graphene 
electrode for self-assembly monolayers (SAMs) formation via Au-S interaction. For analysis, 
different concentrations of diazinon were added on electrode surfaces and incubated at 37°C for 
30 min before being transferred to an electrochemical cell for current measurements using 
K3[Fe(CN)6] as a redox mediator. Binding of aptamer to diazinon resulted in the folding of aptamer 
and formed a stem-loop structure, which decreased peak current intensities. As a result, an 
extremely low LOD of 5 ng/L can be achieved using this developed aptasensor.  
 
1.2.6.4. Non-enzyme-based sensor 
Non-enzyme based electrochemical sensors have gained significant attention due to its low cost, 
moderate sensitivity, extraordinary stability under extensive environmental and industrial 
conditions. 
 
1.2.6.4.1. Acetylcholinesterase-inspired biomimetic 
A biomimetic catalyst based on functionalized polyacrylamide has been developed for paraoxon-
ethyl, fenitrothion, and chlorpyros detection due to lack of the enzyme stability and high cost of 
AChE.114 Functionalized polyacrimide and polyhydroxyalkanoate (PHA) can mimic catalytic 
activity of AChE. PHA with functional groups served as active sites, which can hydrolyze ATCh 
to TCh. Then TCh oxidation signal was recorded by an amperometric method. In addition, 
poly(ethylene glycol) methyl ether (mPEG) was added on PHA/SPE to avoid its leaching from the 
electrode surfaces. The biomimetic biosensor can determine paraoxon-ethyl, fenitrothion, and 
chlorpyrifos with LODs of 104, 169, 291 µg/L, respectively. 
 
1.2.6.4.2. Molecular-imprinted polymers (MIPs) 
Molecular-imprinted polymers (MIPs) are called plastic antibodies, which have specific 
recognition capacity.111 They are made by co-polymerization of functional monomers with a 
molecule template. Such high stability, superior mechanical properties, and reusability are 
extraordinary characteristics of MIPs that make them suitable for sensor development. In one study, 
Kröger et al.  devoted an imprinted polymer-based sensor for 2,4-dichlorophenoxy acetic acid 
(2,4-D) determination in coupling with SPEs.115 The sensor was fabricated by depositing a mixture 
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of poly(ethyleneglycol dimethyacrylate-co-4-vinylpyridine) with 2,4-D on the surface of 
electrodes. Then, 2,4-D pesticide was removed and the device was used for detection of pesticide. 
The bound pesticide in the imprinted polymer was evaluated by DPV. In order to avoid the high 
overpotential of oxidation at 1.4 V, a competitive assay with homogentistic acid (HGA) was 
conducted in which the oxidation current was reduced to 0.57 V. The bound HGA in MIPs-coated 
electrode was replaced by 2,4-D, and the remained HGA was characterized by DPV with a LOD 
of 0.22 mg/L. In another research, combination of MIPs with sol-gel was elaborated for detection 
of methidathion.116 Use of sol-gel material was to enhance the porous surface and permeability of 
targets into the polymer template. After binding to methidathion, EIS was employed to characterize 
the amount of pesticide in sample solution. The sensor showed a good linear relationship between 
pesticide concentration and corresponding obtained charge transfer resistance with a LOD of 5.14 
µg/L.  
 
1.2.6.4.3. Other non-enzyme-based sensors 
AuNPs-coated SPCEs was integrated with an ultra-high performance liquid chromatography 
(UHPLC) for detection of thiram, disulfiram, and its derivatives N,N-diethyl-N’,N’-
dimethylthiuram disulfide.117 After separation, oxidation signals of target compounds were 
characterized by an amperometry due to its rapid response, high sensitivity, relatively inexpensive 
equipment and simple operation. LODs for thiram, disulfiram, and its derivatives of N,N-diethyl-
N’,N’-dimethylthiuram disulfide were 22, 23, and 165 µg/L, respectively. Electrogenerated 
chemiluminescence (ECL) was another kind of non-enzyme-based methods for determination of 
N-(phosphonomethyl)glycine (glycophosate) and (aminomethyl)phosphonic acid (AMPA).118 
Hydrolysis product of glycosate on ZnO-coated SPEs was detected in combination with tris(2,2’-
bipyridyl)ruthenium(II) [Ru(bpy)]2+. In principle, [Ru(bpy)]2+ was first oxidized and underwent 
an electron transfer reaction with a coreactant. In the excited state, [Ru(bpy)]2+ decayed and 
emitted luminescent light, which was measured by a luminescence spectrometer. In another 
research, a sequential injection differential pulse voltammetric method (SI-DPV) has been studied 
for determination of paraquat using CNTs/nafion coated SPEs.119 Paraquat can be oxidized or 
reduced directly on the electrode surface in which its current signal was directly proportional to 
papraquat concentrations. This system was designed for automated analysis and chemical 
consumption reduction. This method additionally showed a high tolerance to some possible 
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interferences such as ions, surfactants or other pesticides. Another sensor based on AuNPs and 
graphene oxide (GO) coated SPEs was fabricated for detection of carbofuran in food and 
agricultural samples.120 Carbofuran-phenol, a product from hydrolysis of carbofuran in NaOH at 
70°C, was determined by DPV with a LOD of 48.67 µg/L. Lastly, nickel oxide (NiO) nanoplatelets 
coated SPE was explored to detect parathion using DPV.121 In this study, NiO was found to 
enhance the oxidation of hydroxylamine group to a nitroso group on the electrode surface.  
 
1.3. Paper-based analytical devices 
1.3.1. Paper as a substrate for analytical device construction 
Since the first introduction of paper-based devices by Whitesides group,122 there is an extremely 
growing trend in using paper as a platform for analytical device fabrication. The paper is taken as 
the analytical platform due to its following prominent characteristics. Firstly, the paper is flexible 
and light. It can be easily bent and shaped into the 3D structure devices.123 A weight of paper is 
around 90-120 g/m2 with a thickness of 0.16-0.22 mm.124 Network structure is another benefit of 
paper, which is often used as a filter paper and separator in separation chromatography.125 Beside 
that, it possesses a high surface to volume ratio and other good characteristics such as low-cost, 
biocompatibility, safe disposability, recyclability, simple transport and storage as well as pump-
free sample liquid transportation.126, 127  
 
1.3.2. Paper types 
There are a variety of paper types for constructing of paper-based analytical devices. Selection of 
a specific paper type or cellulose-based material depends on target, purpose, and analytical method. 
Cellulose-based Whatman paper is the most common material for paper-based microfluidic 
devices (µPADs) owning to its wicking ability.128 Parameters of Whatman paper varies according 
to paper types. Whatman grade 1 paper is utilized to offer a medium retention and flow rate.129 
Whatman grade 4 paper is applied to increase the flow rate, in which the pore size is larger than 
that of Whatman grade 1 paper.130 Hydrophobic nitrocellulose membranes is also taken because it 
shows non-specific binding with biomolecules such as enzyme, proteins, DNA.131 However, slow 
wax penetration is explored although the stable and reproducible microfluidic flow can be obtained 
for nitrocellulose membrane due to its smooth reasonable pore size. Glossy paper is another type 
of paper-based material.132 Glossy paper composes of cellulose fibers mixed with an inorganic 
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filler. Glossy paper has characteristics of flexibility, non-degradability, and smooth surface which 
make it as a good alternative for filter paper in case of nanomaterial modification onto surfaces.  
 
1.3.3. Fabrication methods for paper-based microfluidic analytical devices 
A series of hydrophilic and hydrophobic microstructures on paper substrates have been fabricated 
for µPADs construction using various fabrication techniques since the first concept of µPADs was 
introduced.133 Fabrication of µPADs can be classified into two groups. The first group is based on 
physical processes including wax patterning, plotting, inkjet etching, flexographic printing, laser 
treatment, ink stamping, lacquer spraying, and screen printing. The other group is based on 
chemical processes involving photolithography, plasma treatment, inkjet printing, chemical vapor-
phase deposition, wet etching, and hand-held corona treatment.  
Among fabrication methods, wax printing is the most popular and suitable method due to using a 
cheap hydrophobic material (wax) and a simple process (only a wax printer and an oven 
requirement). Patterns are designed by Microsoft Powerpoint or Adobe Illustrator CC and printed 
on paper substrates. The wax-printed patterns are then subjected to an oven to penetrate wax into 
the paper to form hydrophobic walls (Figure 1-9).131 Apart from using a wax printer, some other 
strategies such as wax dipping,134 painting with a wax pen or combination of an inkjet printer with 
a wax pen have been elaborated as alternatives for wax printer-based method.135   
 
 
 
Figure 1-9: Wax printing for fabrication of µPADs 
 
1.3.4. From 1D to 3D µPADs 
Paper-based microfluidic devices can be fabricated in a simple one-dimensional (1D) for spot test, 
two-dimensional (2D) for lateral flow system, and even more complex three-dimensional (3D) for 
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simultaneous reactions. In 2D µPADs, wax-patterned channels and sample reservoirs are made by 
printing wax on paper substrates to create hydrophobic walls. Then, the wax-patterned paper is 
subjected to heating for penetration of wax into the paper substrate. Capillary force in hydrophilic 
paper channels is the driving force for the movement of aqueous solutions.136 In addition, 3D 
µPADs have demonstrated greatly potential applications for power-free, point-of-care analysis and 
diagnosis in developing countries or remote areas. 3D dimensional paper-based devices show 
advantageous features over 2D µPADs according to the following capabilities: (1) A large number 
of assays can be conducted in a small device; (2) Sample solution can be distributed rapidly in z-
direction. In z-direction, a path length is much shorter than that in x, y-directions; (3) Multiple 
assay steps and preprocessing steps can be performed in parallel, which are relied on the advantage 
of paper wicking capability.137  
3D µPADs were made by stacking 2D layers of wax-patterned layers using double-side adhesive 
tapes. Holes of tapes were filled with cellulose powder or compressed to make smooth flow 
between paper layers (Figure 1-10).138-140 Origami-based 3D microfluidic devices were also 
fabricated by only using a single sheet of wax-patterned paper and folded into one single device.136 
This fabrication method can eliminate utility of adhesive tape.  In addition, an efficient and high 
throughput method has been reported to produce a large number of 3D paper-based microfluidic 
devices.137 The method enables to fabricate 200 - 300 devices by stacking the entire wax-patterned 
paper sheet in the aid of a spray adhesive. 
 
Figure 1-10: Schematic illustration of 2D and 3D paper-based microfluidic devices.  
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1.3.5. Reporting system and signal readouts in paper-based devices 
1.3.5.1. Reporting system 
Scanner and smart phone have brought great benefits for analytical and clinical chemistry in the 
last decade.141 It can ameliorate the development of inexpensive devices for on-site analysis and 
mobile sensing. According to a survey in 2016, the number of mobile cellular lines have overcome 
the world population and half of the world population can access to the Internet, which indicate its 
potential and benefits for point-of-care testing (POCT).142 
 
1.3.5.1.1. Scanner 
Scanner has been considered as a low-cost analytical tool for paper-based microfluidic devices. 
Filters inside the scanners can separate the incoming light into 3 or 4 wavelengths ranges, which 
is later detected by CCDs.143 However, preprocessing of the obtained images by the device 
software hinders the recovery of the raw data.144 The device-dependent differences resulted from 
data preprocessing influences on the obtained results in colorimetric readouts of µPADs. 
 
1.3.5.1.2. Cell phone 
Cell phone is considered as one of the inexpensive detection equipment for quantitation of analytes 
in paper-based devices (Figure 1-11).145 Martinez et al. mentioned that cell phones have great 
advantages such as light weight, portability, low-cost, no need of training, and are able to transmit 
data to specialists from its hardware.146  
 
 
 
Figure 1-11: Paper-based simultaneous pH and nitrite colorimetric detection device by a smart 
phone. Reprinted with permission from Ref 145, copyright © 2014 American Chemical Society. 
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In order to avoid effect of ambient light and use a fixed focal distance, Salles et al. equipped 4 
white LEDs in a polymethylmethacrylate (PMMA) box for testing of explosive compounds by the 
cell phone.147 This detection method can eliminate the inconvenience of using cell phone cameras 
and enhance the reproducibility of analytical figures. Another detection method is to attach a 3D 
printed external apparatus equipped with a flash diffuser to the smart phone.148 This method shows 
the advantage over the PMMA box owning to its portability. However, it still requires an extra 
material and needs to train the operators.  
 
1.3.5.1.3. Hand-held reader 
Ellerbee et al. evolved a dedicated detection system for colorimetric output readouts in µPADs. 
Transmittance was detected instead of reflectance.149 Nonetheless, there is one major disadvantage 
that information is needed to transmit into a cell phone or other connected equipment, and then to 
a specialist off-site. 
 
1.3.5.2. Signal readouts 
Cate et al. reported that the outputs obtained from colorimetric spot tests or lateral flow assays can 
be measured by three following methods.150 (i) Qualitative readout: YES/NO result is evaluated 
according to changes in the color of the test zone; (ii) Semi-quantitative readout: an estimation of 
the analyte concentration is conducted based on the pre-established calibration curve; (iii) 
Quantitative readout: a calibration curve based on the external calibration curve or standard 
addition method is necessary along with the analysis to get the accurate concentration of targets. 
The result readouts can be classified into two major categories: equipment-free and equipment-
dependent signal readouts. 
 
1.3.5.2.1. Equipment-free signal readouts 
1.3.5.2.1.1. Qualitative readouts 
Paper-based devices based on dipsticks or lateral flow assays are typical examples for this kind of 
signal analysis.151 These devices allow un-skilled users to do the analysis and interpret the obtained 
data. Pregnant test kit is one of those examples (Figure 1-12).152 Users can know whether they are 
pregnant or not by simply checking two lines observed in the test kits after immersing the devices 
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in their urine samples. If they can see two lines clearly, they are supposed to be pregnant. The 
opposite is in the other cases (only one line presents). 
 
 
 
Figure 1-12: An example of a pregnant test kit. Reprinted with permission from Ref 152, copyright 
© 2011 American Chemical Society. 
 
1.3.5.2.1.2. Semi-quantitative readouts 
pH test strip is one of the well-known example for such semi-quantitative readouts. Users simply 
immerse the pH paper into the analyte solution and compare the obtained color with scales printed 
on an accompanying box (Figure 1-13).  
 
Figure 1-13: An image of a pH test paper with the scale from 0 to 14.  
a) 
b) 
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1.3.5.2.1.3. Quantitative readouts 
There are recently reported quantitative readouts such as counting-based,153 timing-based,154 
distance-based,155 and text-based156 detection methods for colorimetric detection in µPADs 
(Figure 1-14). These methods allow users simply read signals by counting colorimetric bars, 
measuring the distances, or reading the visible numbers without any external equipment 
respectively. 
 
 
 
Figure 1-14: a) Counting-based device, reprinted with permission from Ref 153, copyright © 2012 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. b) Time-based device, reprinted with 
permission from Ref 154, copyright © 2015 Elsevier B.V. c) Distance-based devices, reprinted 
from Ref 155, copyright © 2015 American Chemical Society. d) Text display-based device, 
reprinted from Ref 156, copyright © 2017 American Chemical Society. 
 
 
 
a) 
b) 
c) 
d) 
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1.3.5.2.2. Equipment-dependent signal readouts 
Amount of a target can be analyzed precisely by making an external calibration curve or a 
calibration curve on device or a standard addition calibration curve.142 For an external calibration 
curve, its result is more accurate than those obtained by semi-quantitative readout.157 However, it 
shows less accuracy in comparison with extrapolating the colorimetric output by making a 
calibration curve with or on the analytical devices. Experimental conditions are well-controlled 
when the result is interpolated from the external calibration curve in laboratory, whereas the test 
conditions in the field are not the same. This results in response deviations, which reduce the 
accuracy of the devices.145 Nonetheless, this method provides good merits such as no need of 
specialists, equipment transportation or no requirement of electrical energy. 
A higher accuracy can be achieved with the calibration curve obtained on device, where conditions 
for analyzing targets and building calibration curves are the same.  In contrast, there is a need of 
skilled-operators with good knowledge in order to conduct the analysis and transmit the obtained 
data off-site. Moreover, standard addition calibration curve has been shown as a prominent method 
for sample analysis in µPADs as it offers several advantages such as matrix effect minimization, 
digitization improvement, and presence of “control zone”.158  
 
1.3.6. Pesticide analysis by paper-based devices 
Paper-based materials have gained significant attention as an excellent substrate for sensor 
development in analytical and clinical chemistry.159 It possesses advantageous features such as 
low-cost, easy-to-use, disposability, bio-compatibility, pump-free, and easy-to-modify. Thus, 
paper-based devices have been significantly applied for colorimetric detection of pesticides 
(Appendix, Chapter 1, Table A-3). 
 
1.3.6.1. Colorimetric-based detection 
For the colorimetric-based detection method, AChE is mostly used as the recognition element for 
the biosensor development. There are forth common enzymatic substrates including indophenyl 
acetate (IPA), indoxyl acetate (IDA), acetylthiocholine iodide (ATChI), and AChl that have been 
reported for AChE-based paper devices. Firstly, No et al. applied an AChE-based sensing system 
to paper-based dipsticks consisting of various cellulosic materials to analyze organophosphate and 
carbamate pesticides using IPA as the enzymatic substrate.160 The detection principle was relied 
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on AChE inhibition by pesticide, which can suppress the enzyme activity and thus associated with 
the target pesticide concentrations. The remaining AChE hydrolyzed IPA into indophenoxide ion, 
which resulted in a blue or purple color. This color can be estimated by naked-eyes or a 
reflectometer. By using a similar detection mechanism,  a reagentless bidirectional lateral flow 
bioactive paper-based sensor has been introduced for diagnosis of bendiocarb, carbaryl, and 
paraoxon (Figure 1-15).161  
 
 
Figure 1-15: Detection principle of pesticide analysis based on colorimetric assay. Reprinted with 
permission from Ref 161, copyright © 2009 American Chemical Society.  
 
In this research, AChE and IPA were entrapped in a sol-gel material fabricated by a Dimatix printer 
to enhance AChE storage stability. The assay strip was immersed into a sample solution, where 
AChE was inhibited by lateral flow of pesticide containing solution into the enzyme zone. The 
assay was accomplished by reverting the strip and immersed it into IPA substrate solution in order 
to enable the enzymatic reaction, which caused a color change from yellow to blue. In addition, 
IDA was employed as the enzymatic substrate for detection of pesticide. Jahanshashi-Anbuhi et 
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al. constructed a paper-based device composing of a fast and slow channels for time control of 
sequential reactions.162 The rapid flow channel allowed the interaction of pesticide with AChE 
immobilized on the device. The amount of pesticide passing through the AChE-coated area was 
controlled by a ON-OFF flap valve made by paper. The slower flow channel was fabricated for 
delivering of IDA to react with the remained active AChE at the sensing zone. The AChE-
catalyzed hydrolysis of IDA resulted in a blue color, which was characterized by a Canon camera. 
In 2015, a cell phone was applied as a signal readout to prove the applicability of paper-based 
devices for on-site pesticide analysis (Figure 1-16a).163 
 
 
 
Figure 1-16: a) Utility of a smart phone for paper-based analysis, reprinted with permission from 
Ref 163, copyright © 2014 Elsevier Ltd.  b)  Principle of paper-based dipstick for pesticide analysis, 
reprinted with permission from Ref 164, copyright © 2016 Elsevier B.V. 
 
The obtained result with the contaminated sample was compared with that in a clean water sample 
as a control. In a similar research, Wu et al. have reported a very sensitive and long stability test 
strip for paraoxon and trichlorfon detection (Figure 1-16b).164 AChE was entrapped in the sol-gel 
material and  printed on a paper substrate by the Dimatix printer. For the pesticide inhibition, the 
paper test strip was immersed in the pesticide solutions for 20 min before pipetting the enzymatic 
substrate of IDA for color development. Moreover, acetylthiocholine iodide (ATChI) was used as 
an enzymatic substrate for pesticide detection taking 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB) 
as a chromophore. In 2009, Hossain et al. reported paper-based dipsticks, where AChE was 
a) b) 
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entrapped in the sol-gel material ink for enzyme stabilization.165 In principle, AChE was inhibited 
by pesticides, the remaining AChE hydrolyzed ATCh to TCh, which reacted with DTNB and 
generated a yellow color of 5-thio-2-nitrobenzoate ion (TNB-). In a similar reaction mechanism, 
paper-based dipsticks were also devoted for methomyl, profenofos, malathion analysis.166, 167 In 
these researches, AChE was immobilized in sugar, protein, and chitosan sol-gel to achieve the 
long-term stability of the devices. 
Finally, AChl was employed as an enzymatic substrate for methyl-paraoxon and chlorpyrifos 
detection using paper-based device modified with nanoceria.168 A mixture of AChE and ChOX 
enzymes was mixed with pesticide solution, which was later added on nanoceria-coated device. 
Inhibition of AChE by pesticide produced less H2O2 generation, which resulted in lower yellow 
color intensity of nanoceria coated on paper-based devices. The detection limits of the paper-based 
devices for paraoxon-methyl and chlorpyrifos-oxon were 18 µg/L and 5.3 µg/L, respectively.   
    
1.3.6.2. Chemiluminescence-based detection 
A separation function of chromatography paper was integrated with a paper-based device for 
dichlorvos (DDV) determination in vegetable based on chemiluminescence strategy.169 After 
separation of pesticide through the chromatography paper, the paper was cut and assembled into 
the paper-based chip for color development using a mixture of luminol and H2O2. The reaction 
mechanism was suggested by Wang et al.170 They suggested that H2O2 oxidized DDV to generate 
an unstable peroxophosphonate intermediate, which later reacted with luminol in alkaline 
condition to generate chemiluminescence color intensity (CL) signal. The linear relationship 
between the chemiluminescence color intensities and concentrations of DDV was from 10 µg/L to 
1 mg/L with a LOD of 3.6 µg/L. Moreover, combination of molecularly imprinted polymer (MIPs) 
with chemiluminescence detection was introduced for determination of  dichlorvos using the above 
mentioned mechanism.171 Selective adsorption of DDV on MIPs-coated paper can eliminate the 
separation step conducted by the chromatography paper and a better sensitivity of 0.8 µg/L could 
be  achieved. In another report, 2,4-dichlorophenoxyacetic acid (2,4-D) was determined by MIPs-
grafted paper-based multi-disk micro-disk plate (P-MIP-NMP) relied on chemiluminescence 
detection.172 The sensing mechanism was based on an indirect competition of free 2,4-D with 
tobacco peroxidase (TOP) labeled with 2,4-D. Use of TOP enzyme was to catalyze the CL 
emission from the luminol-TOP-H2O2 system. After an incubation, less amount of 2,4-D-TOP was 
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obtained on paper surfaces due to the competitive reaction with free 2,4-D, which led to lower CL 
signal intensities. 
 
1.3.6.3. Fluorescence-based detection 
A simple paper-based fluorescent sensor was researched for organophosphate pesticide analysis 
relied on aggregation induced emission (AIE) effect of tetraphenylethylene (TPE) and maleimide 
for rapid naked-eye detection.173 AChE catalyzed the hydrolysis of ATCh to TCh, which induced 
a destruction of  maleimide ring, and thus activated the fluorescence of TPE. A LOD of 0.5 µg/L 
was obtained by this reported biosensor. 
 
1.4. Electrospinning method 
1.4.1. Electrospinning and its mechanism 
For pesticide analysis by screen-printed electrodes and paper-based analytical devices, researchers 
are dealing with low stability of developed biosensors. The immobilization method such as sol-gel 
encapsulation by Dimatix printing is complicated and expensive. Electrospinning is a simple 
method to immobilize enzyme. It has advantageous features over the other techniques such as 
solvent casting and phase-separation owning to a high surface to volume ratio and significant 
amount of inter/intra fibrous pores.174, 175 The growth of electrospinning has paved a way for 
developments of the other fields like bioengineering, sensors, catalysis, and electronics. Thus, 
electrospinning method has been applied into various areas including tissue engineering, drug 
delivery, immobilization of enzymes, wound dressing, anti-bacterial studies, filtration, 
desalination, protective clothing, and sensors.176, 177 Enzymes are immobilized by the 
electrospinning method in food chemistry, biosensors, and bioactive food packing for food quality 
control and safety.178 Encapsulated enzyme in electrospinning membrane (ES) shows its stability 
enhancement when they are exposed to hard environmental conditions such as pH or temperature. 
Enzymes can be immobilized via two major methods. They can be immobilized on the outer 
surface of the nanofibers or they can be blended with the polymeric solutions and then 
electrospinning process is conducted. Electrospun fibers act as scaffolds for enzymes to preserve 
its activity because the entrapment process does not involve any reactions between enzymes and 
nanofibers.179 Enzyme-encapsulated ES membranes can function as a good sensing element due 
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to robust properties of nanofibers such as three-dimensional network structure, large pores, high 
porosity, and large surface to volume ratios. 
The basic electrospinning system includes four main parts: a glass syringe containing a polymeric 
solution, metallic needle, power supply, and metallic collector.180 The metallic collector can be a 
drum or metal plate (Figure 1-17). The electrospinning process starts when a polymeric solution 
is pushed by a pump. The polymer solution moves through the metallic needle, where it is charged 
by an external applied voltage. This causes instability and induction of formed polymer droplets. 
Simultaneously, a reciprocal repulsion of charges creates a force that is opposite with the surface 
tension of the polymer solution. The spherical droplet is deformed and assumed as a conical shape. 
After that, ultrafibers are emerged from the conical polymer droplet (Taylor cone) and are formed 
on the metallic collector. 
 
Figure 1-17: Electrospinning fabrication systems including a drum (a) and a metal plate (b) as the 
metallic collectors of the electrospun fibers. 
 
 
a) 
b) 
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1.4.2. Parameters of electrospinning 
Electrospinning process is affected by several factors such as electrospinning, polymer solution, 
and environmental parameters.176, 181 The electrospinning parameters are applied voltage, length 
between needle and collector, flow rate, and needle diameter. Electrospinning solution parameters 
are solvent, concentration, viscosity, and conductivity. The environmental parameters are humidity 
and temperature. Electrospun fibers are directly affected by above mentioned parameters.  
 
1.4.2.1. Applied voltage 
Application of a high voltage will cause deformation of spherical droplets in a Taylor cone and 
form ultrafibers at a critical voltage.181 This critical voltage changes according to polymer types. 
An increase in the applied voltage results in smaller diameters of nanofibers, which is ascribed to 
stretching of polymer solution corresponding with the charge repulsion in the polymer jet. 
Moreover, reduction in size of the Taylor cone and an increase of the jet velocity are attributed to 
the rise of the applied potential over the critical value, which lead to beads or beaded nanofibers 
formation. 
 
1.4.2.2. Solution flow rate 
Morphology of the electrospun fibers is influenced by a flow rate of the polymeric solution. An 
optimal flow rate of the polymer solution results in uniform beedless electrospun fibers. Beads 
formation is ascribed to the increase of the flow rate over the optimal value. For instance, the bead 
formation of polystyrene was seen when the flow rate was increased to 0.1 mL/min.182 However, 
uniform electrospun fibers was formed when the flow rate was decreased to 0.07 mL/min. A 
minimum flow rate is often maintained to make a balance between leaving polymeric droplets and 
the replacement ones during the jet formation. In order to get a stable jet cone, a receded jet (a jet 
forms directly from the inside of the needle without formation of droplets or cone) is sometimes 
preferable.  
 
1.4.2.3. Length from the needle to the metallic collector and needle diameter 
Morphology of electrospun nanofibers is also influenced by the length from a metallic needle tip 
to a metallic collector.183 It is a crucial factor in which it is indirectly affected by deposition time, 
evaporation of solvent through its flight from the needle tip to the collector and whipping or 
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instability interval. Defects and large-diameter were reported when the distance was small, 
whereas smaller diameter was formed when the distance was large.  
 
1.4.2.4. Concentration and viscosity of polymeric solution 
Uniaxial stretching of a charged jet is the main principle of the electrospinning process. 
Concentration and viscosity of the polymer solution significantly influence on the stretching of the 
charged jet.180 Electrospinning of a low concentration polymeric solution forms beads or beaded 
nanofibers. In contrast, increasing of the polymeric solution concentration results in increasing of 
viscosity and lead to uniform electrospun nanofibers. In addition, the flow of the polymeric 
solution through the needle tip is hampered by a high concentration solution. Thus, the polymeric 
solution is dried at the tip of the needle and blocks the electrospinning process. Then, there is no 
nanofibers being formed or results in defective or beaded nanofibers.184 Moreover, morphologies 
of the formed beads or fibers are reflected by changing of solution viscosity. A circle droplet-like 
shape (with low viscosity solution) to stretched droplet or ellipse to smooth fibers (with sufficient 
viscosity) were observed when viscosities of solution were changed.185  
 
1.4.2.5. Solution conductivity 
Formation of the Taylor cone and diameters of nanofibers are affected by solution conductivity. 
When a solution has a low conductivity, no charge on the surface of the droplet is formed, which 
results in no electrospinning process.186 Increase of charges on the surface of droplets and decrease 
of fibers’ diameters are observed when the solution conductivity is increased to its critical value. 
The electrospinning process is relied on the Coulomb force between charges on the fluid surface 
and the external electric field. A low conductivity solution does not have enough charges to flow 
onto its surface. Thus, the electrostatic force created by the external electric field is not enough to 
form the Taylor cone and hence, there is no electrospinning process. In opposite, a solution with a 
conductivity beyond to its critical value has enough free charges to create the Taylor cone and 
enables the electrospinning process. Conductivity of a solution can be adjusted by adding salts to 
increase the number of ions in a polymeric solution. Zong et al. have evaluated the effect of 
different salts such as KH2PO4, NaH2PO4, and NaCl on diameters of fibers formed by poly(D,L-
Lactic acid).187 It was found that smooth and small diameters of fibers were observed by adding 
these salts to the polymeric solution. 
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1.4.2.6. Solvent  
Solvent is a key parameter that influences on morphologies of electrospun fibers.188 The selected 
solvents should dissolve polymer completely and have moderate boiling points. The boiling point 
is directly linked to volatility of the solvent during its movement from the needle tip to the metallic 
collector. A highly volatile solvent should be avoided because of its drying at the needle tip. In a 
similar manner, less volatile solvent should not be taken to prevent the formation of beads or 
beaded fibers on the collector. 
 
1.4.2.7. Humidity and temperature 
Diameters and morphologies of nanofibers are affected by environmental conditions such as 
humidity and temperature. Solidification process of the charged jet varies according to humidity 
changes. Pelipenko et al. mentioned that diameters of the formed nanofibers decreased when the 
humidity was increased.189 This phenomenon is explained according to the solvent evaporation 
rate of water. When humidity is low, the rate of evaporation is high and causes the increase in 
polymer concentration and viscosity. It further decreases the voltage-induced stretching of 
polymer chains. As a result, the polymer jet solidifies fast after emerging from the needle. In 
contrast, the polymer jet is induced by the applied voltage for a longer time in the case of high 
humidity, which result in thinner fibers. Increase of humidity also causes beaded nanofibers of 
individual polymers. Moreover, increasing temperature results in accelerating of the evaporation 
rate of solvent, which results in the decrease of the solution viscosity.190  
 
1.5. Objective of the research 
As previously reviewed sections, screen-printed electrodes and paper-based analytical devices 
have shown their great applicability for low-cost and point-of-care analysis of pesticides. In term 
of screen-printed electrodes, AChE-based biosensors show its advantages over the other 
recognition elements such as tyrosinase, OPH, ChOX owning to its high selectivity to a large group 
of pesticide including organophosphate and carbamate pesticides, which can be used for on-site 
screening and quantitative analyses. Although engineering AChE-based biosensor demonstrates 
its high stability and extraordinary sensitivity, it is not commercially available, just synthesized in 
laboratory. Moreover, biosensors based on aptamer, antibody, photosystem II require complicated 
analytical procedures, which normally involve multi-step analyses. Finally, non-enzyme-based 
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sensors illustrates low sensitivity and selectivity to pesticides. Concerning on paper-based 
biosensors, colorimetric detection mechanism is the most suitable method for on-site detection of 
pesticides. Chemiluminescence and fluorescence-based detections require additional instruments 
like fluorescence spectrometer or chemiluminescence analyzer in order to read out the obtained 
signals. Therefore, this thesis mainly focuses on simple fabrication of low-cost, high storage 
stability, user-friendly, and portable devices for organophosphate pesticide analysis relied on 
AChE coated screen-printed carbon electrode and colorimetric paper-based devices. 
Chapter 1 introduces the use of pesticide worldwide, their chemical structures as well as their 
effects on environment and human health. Next, general knowledge of electrochemistry on screen-
printed electrodes, paper-based microfluidic analytical devices, and electrospinning method is also 
briefly reviewed for further insight understanding of the thesis. Finally, reviews on pesticide 
analysis based on screen-printed electrodes and paper-based devices have been summarized since 
there was not any available and detailed reviews for pesticide analysis using these devices. 
Chapter 2 describes a development of an amperometric biosensor for organophosphate pesticide 
detection based on surface modification of AChE on carboxylated functionalized multi-walled 
carbon nanotubes (f-MWCNTs), chitosan, and gold nanoparticles (AuNPs) coated screen-printed 
carbon electrodes (SPCE). For this purpose, ferricyanide was used a freely diffusible redox 
mediator in solution to eliminate the electrochemical interferences and reversible AChE inhibitors. 
AuNPs and f-MWCNTs were employed for the biosensor sensitivity enhancement. Chitosan was 
included in preparation of multi-walled carbon nanotubes for stabilization of AChE enzyme. The 
elaborated biosensor was challenged with paraoxon-ethyl-spiked spinach sample solution in which 
its obtained results were compared with that of a conventional UV-HPLC system. 
Chapter 3 describes a development of flow control-based 3D microfluidic paper-based devices 
(µPADs) for a single step analysis of organophosphate pesticides and long-term stability of 
biosensors. For this purpose, the flow rate was controlled by integrating a wax-patterned 
microfluidic channel into 3D paper-based devices. The slow movement of sample solution is the 
driving force that enables two simultaneous reactions: the inhibition reaction between pesticide 
and enzyme and the hydrolysis reaction between the remained active enzyme with indoxyl acetate 
(IDA) at the sensing zone. In addition, AChE was physically absorbed on skim milk coated paper 
substrates to prevent non-specific reaction and stabilize the AChE. Furthermore, reagentless paper-
based 3D devices were attempted to develop, where the pH buffering function was integrated in 
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to the developed biosensor. Lastly, the elaborated biosensors were used to determine paraoxon-
ethyl spiked in river sample to prove the biosensor’s applicability. 
Chapter 4 describes an integration of electrospun membranes into the flow control-based 3D 
devices to enhance the enzyme storage stability and enable a single step analysis. For this purpose, 
AChE enzyme was prepared in a polyvinyl alcohol (PVA) solution and then electrospun on a 
metallic collector. After that, electrospun membranes (ES) were punched by a 0.4 cm puncher and 
integrated into the above developed flow control-3D µPADs. AChE encapsulated in PVA fibers 
was released upon adding of the sample solution and available for the enzymatic reactions. Lastly, 
the developed biosensor was used to analyze paraoxon-ethyl spiked in spinach sample in which its 
results were compared with that of the UV-HPLC system. 
Chapter 5 summarizes the achieved results in this thesis and further outlook for future development. 
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Chapter 2: Disposable electrochemical biosensor for 
organophosphate pesticide analysis 
 
This chapter is based on “Disposable electrochemical sensor based on surface-modified screen-
printed electrodes for organophosphate pesticide analysis”,  
Quoc Trung Hua, Nipapan Ruecha, Yuki Hiruta, and Daniel Citterio 
Analytical Methods, 2019, 11, 3439-3445  
 
Summary 
 
Figure 2-1: Schematic illustration for enzyme and pesticide interaction 
 
A disposable enzymatic electrochemical biosensor for amperometric organophosphate pesticide 
determination based on a screen-printed carbon electrode (SPCE) platform was successfully 
developed. The working electrode consists of acetylcholine esterase (AChE) immobilized onto the 
surface of multi-walled carbon nanotubes (MWCNTs), chitosan (CS) and gold nanoparticles 
(AuNPs)-modified SPCE. Ferricyanide was used as a redox mediator in solution. Two linear 
dynamic response ranges from 0.01 to 10 µg/L and from 10 to 100 µg/L were found for paraoxon-
ethyl with a detection limit of 0.03 µg/L (calculated as the amount of pesticide resulting in 10% of 
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enzyme inhibition). High sensitivity was achieved due to a synergistic effect of AuNPs and 
MWCNTs deposited on the SPCE surface. Moreover, 83% of enzyme activity was retained after 
a dry storage period of 49 days (4°C). Finally, the results of the electrochemical biosensor for 
paraoxon-ethyl-spiked spinach sample analysis showed a good agreement with those obtained 
from conventional HPLC. 
 
2.1. Introduction 
Pesticide residues remain a major concern among environmental and food contaminants in modern 
life, due to their widespread application for boosting crop productivity in agriculture. Once being 
introduced into the environment, pesticides pose a potential hazard to human health due to an 
inhibitory effect on acetylcholinesterase (AChE), an enzyme playing an essential role in 
neurotransmission.1 Therefore, there is a continued demand for sensitive and accurate biosensors 
that can be used for screening and analyzing pesticide residues. 
In recent environmental and pharmaceutical analysis, strong focus has been on screen-printed 
electrodes (SPEs) due to their disposability, simplicity, portability, and rapid response.2-6 In 
addition, they contribute to significant analysis cost reduction, because they are suitable for scale-
up mass production. Another advantage of SPEs is that various geometrical patterns including 
discs, rings or bands can be designed depending on analytical requirements.2 Micro-scale SPEs 
can improve signal-to-noise ratios, free convection and fast mass transfer rates. Moreover, surfaces 
of SPEs can be easily modified, which makes them adaptable for analysis of different targets.7 
Thus, many SPE-based approaches have been developed for pesticide determination.8, 9 
The selective inhibition of AChE by organophosphate pesticides is the most widely used method 
for their electrochemical analysis.2, 3, 10 This inhibition is often probed by the electrochemical 
oxidation of thiocholine (TCh), a product of the AChE-catalyzed hydrolysis of acetylthiocholine 
(ATCh) used as a substrate. The amount of thiocholine generated, and consequently the 
electrochemical signal in the form of the measured oxidation current, is inversely proportional to 
the amount of organophosphate pesticide in the sample. At conventional electrodes, such as for 
example unmodified carbon paste and glassy carbon electrodes, a high overpotential is required 
for the oxidation of thiocholine (RSH).11 The high required overpotential is considered as a 
drawback of this type of biosensor, because it can readily result in the oxidation of other organic 
compounds such as vitamin C, glutathione, phenolic acids and flavonoids, among others, resulting 
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in electrochemical interferences.12, 13 This drawback can be overcome by modifying the surface of 
SPEs with redox mediators such as Prussian blue (PB),14-19 cobalt (II) phthalocyanine (CoPC),20, 
21 or cobalt (II) hexacyanoferrate,22 which allow to work at lower detection potentials. However, 
the use of these mediators often causes electrochemical interferences due to the presence of ions 
such as Fe (II), Fe (III) or Co (II) in the added mediators, which can be oxidized or reduced under 
the applied potentials.23, 24 Additionally, Prussian blue has been reported to be unstable under 
neutral or alkaline conditions due to the formation of Fe(OH)3,12 although its stability depends on 
the method of preparation and electrode surface modification.25 Arduini et al. have suggested the 
use of ferricyanide (K3[Fe(CN)6]) as a freely diffusible redox mediator in solution for the detection 
of pesticides. In addition, electrochemical interferences and possible reversible AChE inhibitors 
such as Cd(II), Cu(II), Fe(III), Mn(II), and glycoalkaloids present in the sample solutions can be 
eliminated by using a medium exchange method.26 Nonetheless, the storage stability of the 
developed biosensor was limited with an observed decrease of enzyme activity by nearly 30% and 
50% after 5 and 10 days of storage, respectively. In addition, the analytical procedure requiring a 
stirred electrochemical cell is not favorable for field analysis. Moreover, the sensor fabrication 
procedure including the formation of a cysteamine monolayer on the surface of screen-printed gold 
electrodes is relatively complicated and time consuming (15 h), potentially limiting mass 
production. According to a recent review article, good shelf-life and simple and short time 
electrode modification are desired in order for electrochemical biosensors to be more suitable for 
field applications.27  
Nanomaterials such as multi-walled carbon nanotubes (MWCNTs) and gold nanoparticles 
(AuNPs) have gained significant attention for SPE modification to improve sensitivity and 
selectivity relying on their advantageous catalytic and chemical properties, as well as their large 
surface area.2, 4 AuNPs can provide an extraordinary large surface area and enhance electron 
transfer rates.28 MWCNTs possess excellent chemical stability, good electrical conductivity and 
high mechanical strength. Moreover, MWCNTs have competitive electrochemical performance in 
comparison with other carbon-based materials such as carbon black and graphene.29-31 In addition, 
the use of MWCNTs can promote electrocatalytic and conductivity properties. The combination 
of MWCNTs and chitosan (CS) has shown significant improvements in tensile modulus and 
strength for electrode modification.2 Chitosan (CS) is a natural biodegradable and biocompatible 
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macromolecular biopolymer, which is suitable for enzyme immobilization due to its good adhesion, 
excellent film formation properties and high mechanical strength.32, 33 
In the present work, we present the development of a small size and simple enzymatic biosensor 
based on screen-printed carbon electrodes (SPCE), where AChE was immobilized on the surface 
of MWCNTs-CS/AuNPs/SPCE for sensitive detection of organophosphate pesticides using 
ferricyanide in solution as the redox mediator. The carboxylic acid-functionalized MWCNTs were 
dispersed in chitosan (MWCNTs-CS) and drop-casted on electrode surfaces to enhance the 
sensitivity and immobilize the enzyme. 
 
2.2. Experimental 
2.2.1. Apparatus 
Cyclic voltammetry (CV) and amperometric measurements (i-t curve) were performed on a CHI 
660A potentiostat (CH Instruments, Austin, TX). All experiments were done with a three-electrode 
configuration at room temperature (25 ± 1°C). The screen-printed electrodes with carbon working 
electrode of 3 mm diameter, carbon counter electrode, silver and silver chloride (Ag/AgCl) as a 
reference electrode (TE100) were purchased from Zensor R&D (Taichung, Taiwan) (Figure 2-2). 
Scanning electron microscopy (SEM) (JEOL JSM-7600F, Japan) was used to characterize the 
electrode morphologies. 
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Figure 2-2: Actual image of the screen-printed electrodes with three electrodes configuration 
(counter electrode, working electrode, and Ag/AgCl reference electrode). 
 
2.2.2. Chemicals 
Acetylcholinesterase (AChE) (electrophorus electricus, Type VI-S), chitosan (deacetylated chitin), 
gold (III) chloride trihydrate (HAuCl4・3H2O), multi-walled carbon nanotubes functionalized 
with carboxylic acid (MWCNTs-COOH, >8% carboxylic acid groups) and acetylthiocholine 
chloride (ATCh) were purchased from Sigma-Aldrich (St. Louis, MO). Disodium 
hydrogenphosphate (Na2HPO4), sodium dihydrogenphosphate (NaH2PO4 ・ 2H2O), sodium 
chloride (NaCl), potassium chloride (KCl), acetic acid (CH3COOH), hydrochloric acid (HCl), 
sodium hydroxide (NaOH), potassium hexacyanoferrate (ferricyanide) (III) (K3[Fe(CN)6]) and 
potassium hexacyanoferrate (ferrocyanide) (II) (K4[Fe(CN)6]) were purchased from Wako 
Chemical Industries Ltd (Osaka, Japan). All solutions were prepared in 18.2 MW pure water, 
obtained from a Purelab Flex water system (ELGA, Veolia, UK). 
 
2.2.3. Methods 
2.2.3.1. Preparation of AChE/MWCNTs-CS/AuNPs/SPCE 
If not mentioned otherwise (e.g. optimization experiments), electrodes were prepared as follows. 
40 µL of 0.1% AuCl3 dissolved in 1 M HCl was added onto the surface of electrodes followed by 
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applying a potential of - 0.4 V for 120 s. After that, the electrodes were rinsed with distilled water 
and dried at room temperature. 
A 2% chitosan solution (wt%) was prepared by dissolving deacetylated chitosan in aqueous acetic 
acid 2% (v/v) and stirring overnight. After that, 5 mg of MWCNTs-COOH was added into 5 mL 
of a 0.4% chitosan solution (wt%) prepared by diluting the 2% chitosan solution with distilled 
water, followed by sonication for 6 h at 55°C to obtain a homogeneous solution (MWCNTs-CS). 
Then, 6 µL of MWCNTs-CS (1 mg/mL) was drop-casted on AuNPs/SPCE surfaces and dried at 
room temperature. In order to neutralize the remaining acetic acid, 6 µL of phosphate buffer 2 mM, 
(pH 7.0) was added on MWCNTs-CS/AuNPs/SPCE surfaces and dried at room temperature. 
For the enzyme modification, a 100 U/mL AChE stock solution was prepared in phosphate buffer 
25 mM (pH 7.0) and stored in a low-binding tube at - 20°C before use. Then, a 10 U/mL AChE 
working solution was prepared by diluting the 100 U/mL AChE with phosphate buffer 2 mM (pH 
7.0). Next, 6 µL of the 10 U/mL AChE solution was deposited on the MWCNTs-CS/AuNPs/SPCE 
and dried overnight at 4°C in a refrigerator.  
 
2.2.3.2. Preparation of standard and paraoxon-ethyl-spiked spinach sample solutions 
A stock solution of paraoxon-ethyl (50 mg/L) was prepared in 6% (v/v) aqueous ethanol, and 
standard solutions at different concentrations were prepared by diluting the stock solution with 6% 
(v/v) aqueous ethanol before use. 
For the pesticide-spiked spinach sample solution, spinach was purchased from a local supermarket, 
roots and dirty leaves removed, rinsed with water, and dried at room temperature. After that, the 
spinach was cut into small pieces (Figure 2-3). Then, 10 g of cut spinach was blended with 50 mL 
of 6% (v/v) aqueous ethanol in a mixer for 10 min. The obtained solution was filtered through a 
Whatman 5 filter paper (circles, f  = 110 mm) and centrifuged at 10,000 rpm for 10 min. The 
supernatant was collected for spiking with paraoxon-ethyl (10 µg/L) and used for electrochemical 
analysis without any further filtration. For verification of the analysis results, blank and pesticide-
spiked solutions were filtered through 0.2 µm filters before analyzing by UV-HPLC (Prominence-
i LC-2030C, Shimadzu, Kyoto, Japan) equipped with a COSMOSIL 3C18-MS-II Packed Column 
(ID = 2.0 mm, column length = 50 mm, NACALAI TESQUE, INC., Kyoto, Japan) at 275 nm 
wavelength using 50% (v/v) aqueous methanol as a mobile phase. 
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Figure 2-3: Preparation of spinach samples: (a) image of cut spinach leaves and (b) obtained 
supernatant used for paraoxon-ethyl spiking. 
 
2.2.3.3. Amperometric detection of thiocholine on electrodes 
Ferricyanide was used as the redox mediator in solution for the electrocatalysis of thiocholine 
oxidation in this research. The redox mediator is used to eliminate the high overpotential for the 
oxidation of thiocholine at conventional electrodes, electrochemical interferences, and fouling of 
the electrode surfaces.26 The electrocatalytic effect of ferricyanide ion on thiocholine can be 
described as shown in Figure 2-4. The enzymatic reaction between AChE and acetylthiocholine 
chloride (1) generates thiocholine as a product, which is subsequently oxidized by ferricyanide to 
form dithiocholine and ferrocyanide (2). Finally, ferrocyanide is oxidized to ferricyanide on the 
electrode surface by applying a potential of + 0.4 V (3). 
 
 
Figure 2-4: Reaction mechanism based on AChE-catalyzed hydrolysis of ATCh using ferricyanide 
as a redox mediator. 
a) b) 
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2.2.3.4. Electrochemical detection of pesticide solutions 
Paraoxon-ethyl was used as a typical example for the most commonly used organophosphate 
pesticides. For electrochemical analysis, 20 µL paraoxon-ethyl at different concentrations was 
pipetted on the electrode surfaces, left for 10 min and rinsed-off with distilled water. Then, 40 µL 
of a solution of 8 mM ATCh and 3 mM K3[Fe(CN)6] in phosphate buffer 50 mM (pH 7.0) 
containing 0.1 M KCl was introduced onto the electrode surface and incubated for 35 min before 
measuring the current by the amperometric technique. Currents were acquired at 50 s time. The 
degree of inhibition was calculated according to the following equation: 
 𝐷𝑒𝑔𝑟𝑒𝑒	𝑜𝑓	𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛	(%) = 	 𝑖2 −	 𝑖4𝑖2 𝑥100 
 
where i0 and ii are the biosensor current responses of blank and paraoxon-ethyl containing sample 
solutions, respectively. 
 
2.3. Results and discussion 
2.3.1. Basic electrode characterization 
Scanning electron microscopy (SEM) was used to characterize morphologies of the unmodified 
and modified electrodes.  
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Figure 2-5: SEM images of (a) unmodified SPCE; (b) AuNPs/SPCE; (c) MWCNTs-
CS/AuNPs/SPCE; scale bars in all figures are 1 µm. 
 
The surface of the unmodified SPCE (Figure 2-5a) shows granular and lamellar structures. After 
AuNP modification, homogeneously distributed AuNPs with an average size of 218 ± 38 nm (n = 
20) were observed (Figure 2-5b). Figure 2-5c shows the electrode surface after the deposition of 
MWCNTs and chitosan onto AuNPs-coated SPCEs. A homogeneous solution of MWCNTs-
COOH in chitosan was obtained by extended sonification at 55°C (Figure 2-6). The achieved 
homogeneous solution is ascribed to hydrogen bonds and electrostatic interactions between the 
carboxylic groups on the surface of MWCNTs and NH3+ moieties of chitosan prepared in acetic 
acid.34, 35  
 
a) b) 
c) 
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Figure 2-6: Homogeneous dispersion of MWCNTs-COOH in 0.4% (v/v) chitosan obtained by 
sonication at 55°C for 6 hours. 
 
Figure 2-7 shows cyclic voltammograms obtained with unmodified SPCEs and with electrodes 
with various surface modifications using a standard redox couple of 2 mM K4[Fe(CN)6] and 
K3[Fe(CN)6] in 0.1 M KCl. The modification of SPCEs with AuNPs enhanced the electron transfer 
rates, as reflected by the decreasing peak-to-peak potential separation (ΔEp) from 0.4 V to 0.15 V. 
In addition, current intensities were increased by deposition of AuNPs on the surface of SPCE. 
The enhancement might be due to high surface areas, densely populated unsaturated surface 
coordination sites for catalysis and high conductivity of AuNPs.36, 37 Moreover, carboxylic acid 
functionalized MWCNTs dispersed in chitosan significantly enhanced the oxidation and reduction 
peaks, while the application of AChE onto the MWCNTs-CS/AuNPs/SPCE surface resulted in 
decreased peak current intensities due to the increase of the interface thickness. Overall, the 
combination of MWCNTs with AuNPs resulted in the highest current intensity, indicating that 
they show an excellent synergistic effect in the electron transfer rate improvement.   
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Figure 2-7: Cyclic voltammograms of unmodified SPCE, AuNPs/SPCE, MWCNTs-CS/SPCE, 
MWCNTs-CS/AuNPs/SPCE and AChE/MWCNTs-CS/AuNPs/SPCE in 2 mM K3[Fe(CN)6] and 
K4[Fe(CN)6] in 0.1 M KCl with a scan rate of 50 mV/s. 
 
2.3.2. Optimization of electrode surface modification parameters 
In this work, the AuNPs and MWCNTs-CS nanomaterials play a crucial role for SPCE 
modification, not only to improve the sensitivity of the electrochemical devices, but also their 
storage stability. At first, the influence of the electrochemical deposition time for AuNPs formation 
on the SPCE surface was optimized. Figure 2-8a shows that the current intensities recorded in 
pesticide-free ATCh-containing electrolyte solution with AuNPs/SPCEs with AChE deposited on 
the surface progressively increased from 3.9 µA to 10.4 µA when the deposition time was 
increased from 0 to 120 s, with no further enhancement at longer times. Additionally, increase of 
AuNPs deposition time resulted in increase of AuNPs coated on surfaces of SPCEs (Figure 2-8b). 
The surface of SPCE was mostly covered by AuNPs at 120 s deposition time. Therefore, 120 s 
was chosen as the optimal time to reduce Au (III) to Au (0) on the SPCE surface.  
Chapter 2: Disposable screen-printed carbon electrodes for organophosphate analysis 
 
 70 
 
 
 
Figure 2-8: (a) Optimization of electrochemical AuNPs deposition time (0; 60; 120; 180 s) at a 
potential of - 0.4 V; 6 µL of 10 U/mL AChE pre-dried on the electrodes after AuNPs deposition; 
(b) SEM images of AuNPs deposited on the surface of SPCE at different deposition time (60, 120, 
180 s); current measurement at 0.4 V after application of 40 µL of 8 mM ATCh and 3 mM 
K3[Fe(CN)6] solution in 50 mM phosphate buffer (pH 7.0) containing 0.1 M KCl after 35 min 
incubation; error bars represent standard deviations for measurements with 3 individual single-use 
biosensors. 
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Next, the volume of MWCNTs-CS dispersion (1 mg/mL) drop-casted onto the AuNPs/SPCE was 
varied from 2 to 10 µL. It was found that the electrochemical signals in pesticide-free ATCh-
containing electrolyte solution were strongly enhanced with increasing volume of applied 
MWCNTs-CS dispersion and reached a plateau at 6 µL (Figure 2-9a), indicating that this volume 
is sufficient for the coverage of the AuNPs/SPCE electrode surfaces (Figure 2-9b). Electrodes 
modified with functionalized MWCNTs show higher efficiency in the electrochemical oxidation 
of ferrocyanide compared to unmodified SPCEs and AuNPs/SPCE. This is attributed to p-p 
interactions among MWCNTs, leading to enhanced electron transfer rates.27 It has also been 
reported that edge-plane like defects such as open or oxygenated ends in MWCNTs contribute to 
the enhanced electroactivity of modified electrodes.38  
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Figure 2-9: (a) Optimization of MWCNTs-CS (1 mg/mL) dispersion volume (2; 4; 6; 8; 10 µL) 
used for drop-casting onto AuNPs/SPCE; (b) SEM images of MWCNTs-CS coated on the surface 
of AuNPs/SPCE at different volumes (2, 4, 6, 8, 10 µL); current measurement at 0.4 V with 
AChE/MWCNTs-CS/AuNPs/SPCEs (6 µL of 10 U/mL AChE pre-dried on the electrodes) after 
application of 40 µL of 8 mM ATCh and 3 mM K3[Fe(CN)6] solution in 50 mM phosphate buffer 
(pH 7.0) containing 0.1 M KCl after 35 min incubation; error bars represent standard deviations 
for measurements with 3 individual single-use biosensors. 
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In addition to the electrode surface modification, concentrations of ATCh and the K3[Fe(CN)6] 
mediator are important parameters in the enzymatic detection mechanism for the current biosensor 
(Figure 2-4). At a fixed amount of AChE on the electrode surface, increasing ATCh concentrations 
will lead to higher amounts of thiocholine generated, which result in reduction of K3[Fe(CN)6]. 
Therefore, various concentrations of ATCh (6 - 9 mM) and K3[Fe(CN)6] (2 - 4 mM) have been 
evaluated. As can be seen in Figure 2-10a, current intensities gradually increased and reached 
saturation at 8 mM ATCh and 3 mM K3[Fe(CN)6]. No significant changes in the current intensities 
were observed when the ferricyanide concentration was increased to 4 mM. For comparison 
purposes, the amperometric response has also been recorded in the absence of the ferricyanide 
mediator, resulting in significantly reduced oxidation current signals (Figure 2-10b). Hence, 8 mM 
ATCh and 3 mM K3[Fe(CN)6] were chosen as the suitable concentrations of enzyme substrate and 
mediator for all subsequent experiments.  
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Figure 2-10: (a) Optimization of ATCh concentrations (6, 7, 8, 9 mM) and K3[Fe(CN)6] 
concentrations (2, 3, 4 mM); current measurement at 0.4 V with AChE/MWCNTs-
CS/AuNPs/SPCEs (6 µL of 10 U/mL AChE pre-dried on the electrodes) after application of 40 
µL solutions of 8 mM ATCh and 3 mM K3[Fe(CN)6] in 50 mM phosphate buffer (pH 7.0) 
containing 0.1 M KCl after 35 min incubation; error bars represent standard deviations for 
measurements with 3 individual single-use biosensors. (b) Comparison in amperometric response 
of AChE/MWCNTs-CS/AuNPs/SPCEs in the presence or absence of 3 mM K3[Fe(CN)6]; other 
experimental conditions as mentioned for a). 
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Moreover, the incubation time for the AChE-catalyzed hydrolysis of ATCh is also a prominent 
factor that affects the sensitivity of the biosensor, with longer reaction times resulting in the release 
of higher amounts of electrochemically active thiocholine. Figure 2-11 shows that current 
intensities doubled when the incubation times were varied from 5 min to 35 min, reaching a 
constant level after 35 min. Consequently, 35 min was selected for all following experiments as 
the incubation time providing the strongest current intensities.  
 
Figure 2-11: Optimization of incubation time (5; 10; 15; 20; 25; 30; 35; 40; 45 min) for the 
enzymatic conversion of ATCh to electrochemically active thiocholine; current measurement at 
0.4 V with AChE/MWCNTs-CS/AuNPs/SPCEs (6 µL of 10 U/mL AChE pre-dried on the 
electrodes) after application of 40 µL solutions of 8 mM ATCh and 3 mM K3[Fe(CN)6] in 50 mM 
phosphate buffer (pH 7.0) containing 0.1 M KCl; error bars represent standard deviations for 
measurements with 3 individual single-use biosensors. 
 
Furthermore, the applied potential was evaluated in the range from 0.1 to 0.6 V to determine the 
optimal value for the oxidation of ferrocyanide to ferricyanide on the electrode surfaces. The 
recorded currents gradually increased from 4.3 to 19.7 µA when the applied potential was varied 
from 0.1 V to 0.3 V, reaching a plateau at a constant current of 19.6 µA at 0.4 V (Figure 2-12). 
This result is also in good agreement with that of cyclic voltammogram shown in Figure 2-7. The 
oxidation peak of ferrocyanide is at 0.3 V and ends at 0.4 V. Thus, 0.4 V was chosen as the 
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operating potential for all subsequent experiments to sufficiently oxidize ferrocyanide to 
ferricyanide.  
 
Figure 2-12: Optimization of the applied potential for the oxidation of ferrocyanide to ferricyanide 
(0.1; 0.2; 0.3; 0.4; 0.5; 0.6 V); current measurement with AChE/MWCNTs-CS/AuNPs/SPCEs (6 
µL of 10 U/mL AChE pre-dried on the electrodes) after application of 40 µL solutions of 8 mM 
ATCh and 3 mM K3[Fe(CN)6] in 50 mM phosphate buffer (pH 7.0) containing 0.1 M KCl after 35 
min incubation; error bars represent standard deviations for measurements with 3 individual 
single-use biosensors. 
 
Finally, the influence of the working electrolyte solution pH on the enzymatic reaction was 
monitored over the range between pH 4.0 and pH 10.0 (Figure 2-13). The current intensities 
showed constant and maximum values in the pH range between pH 7.0 and pH 9.0. A pH 7.0 was 
chosen to be the optimal condition for this biosensor application to minimize the exchange of CN- 
against OH- that would result in the release of free CN- at higher pH values.39  
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Figure 2-13: Optimization of pH values (4; 5; 6; 7; 8; 9; 10) for the enzymatic reaction; current 
measurement at 0.4 V with AChE/MWCNTs-CS/AuNPs/SPCEs (6 µL of 10 U/mL AChE pre-
dried on the electrodes) after application of 40 µL solutions of 8 mM ATCh and 3 mM K3[Fe(CN)6] 
in 50 mM phosphate buffer of varying pH containing 0.1 M KCl after 35 min incubation; error 
bars represent standard deviations for measurements with 3 individual single-use biosensors. 
 
2.3.3. Amperometric response of unmodified and modified electrodes 
The amperometric response of the unmodified (SPCE) and modified electrodes (AuNPs/SPCE; 
MWCNTs-CS/AuNPs/SPCE) with the AChE enzyme deposited was further evaluated to 
demonstrate the effect of the electrode surface modification. The significant synergistic effect of 
MWCNTs-CS and AuNPs, which resulted in the highest current intensities and faster electron 
transfer rates according to cyclic voltammetry experiments, is further demonstrated by the highest 
current intensity achieved in amperometric measurements (i - t curve) using the optimal 
concentrations of 8 mM ATCh and 3 mM K3[Fe(CN)6] in phosphate buffer 50 mM (pH 7.0) 
containing 0.1 M KCl (Figure 2-14). From these results, it can be concluded that the 
AChE/MWCNTs-CS/AuNPs/SPCE biosensor offers the best sensitivity for the electrochemical 
detection of thiocholine generated by the enzymatic reaction, using ferricyanide as a redox 
mediator. 
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Figure 2-14: Comparison of amperometric response of unmodified SPCEs and electrodes with 
various surface modifications; 6 µL of 10 U/mL AChE pre-dried on the electrodes; current 
measurement at 0.4 V in 40 µL of 8 mM ATCh and 3 mM K3[Fe(CN)6] in phosphate buffer 50 
mM (pH 7.0) containing 0.1 M KCl after 35 min incubation; MWCNTs-CS: 6 µL of 1 mg/mL 
dispersion; AuNPs deposition time: 120 s.   
 
Finally, the influence of the amounts of AChE deposited onto the surface of MWCNTs-
CS/AuNPs/SPCE electrodes on the amperometric response was investigated by varying the 
volume of deposited AChE solution (10 U/mL) from 0 to 6 µL. As can be seen from Figure 2-15, 
increasing amounts of enzyme resulted in the increasing amount of generated thiocholine, 
ferrocyanide, and current intensities. This proves that this detection mechanism can be used for 
pesticide detection based on the inhibition of AChE by it inhibitors. It was reported that increase 
of AChE concentration resulted in the increase of the amperometric response.26 However, AChE 
concentration lower than 10 U/mL has an unsatisfactory working stability. Therefore, AChE 10 
U/mL was chosen for the electrochemical biosensor development. 
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Figure 2-15: (a) Relationship between deposited volume of AChE solution (10 U/mL) and current 
intensities; (b) Amperometric response at different volumes (0; 1; 2; 3; 4; 5; 6 µL) of 10 U/mL 
AChE pre-dried on the electrodes; measurement at 0.4 V in 40 µL of 8 mM ATCh and 3 mM 
K3[Fe(CN)6] in phosphate buffer 50 mM (pH 7.0) containing 0.1 M KCl after 35 min incubation; 
MWCNTs-CS: 6 µL of 1 mg/mL dispersion; AuNPs deposition time: 120 s; error bars represent 
standard deviations for measurements with 3 individual single-use biosensors.   
 
2.3.4. Detection of paraoxon-ethyl 
To minimize the amounts of required sample solution and to facilitate on-site analysis, experiments 
for pesticide detection were optimized for 20 µL of sample volume. At first, an evaluation of the 
required enzyme inhibition time was performed.  
a) 
b) 
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Figure 2-16: Optimization of inhibition time (5; 10; 15; 20; 25; 30; 35; 40 min) for the inhibition 
of AChE by paraoxon-ethyl pesticide (40 µg/L); current measurement at 0.4 V with 
AChE/MWCNTs-CS/AuNPs/SPCEs (6 µL of 10 U/mL AChE pre-dried on the electrodes) after 
application of 40 µL solutions of 8 mM ATCh and 3 mM K3[Fe(CN)6] in 50 mM phosphate buffer 
(pH 7.0) containing 0.1 M KCl after 35 min incubation; error bars represent standard deviations 
for measurements with 3 individual single-use biosensors. 
 
As can be seen from Figure 2-16, the degree of inhibition increased rapidly from 5 to 10 min, 
followed by a slow increase up to a constant value reached at 30 min inhibition time upon exposure 
of the electrochemical sensors to paraoxon-ethyl (40 µg/L). Thus, an inhibition time of 10 min was 
chosen as a compromise between sensitivity and analysis time. The inhibition experiments were 
conducted at the optimized concentrations of the ATCh enzyme substrate and the K3[Fe(CN)]6 
redox mediator. The decrease in the amperometric response reflects the interaction between the 
enzyme and the paraoxon-ethyl pesticide, acting as its inhibitor. Higher pesticide concentrations 
caused stronger enzyme inhibition and resulted in decreasing ATCh hydrolysis and thus, weaker 
current intensities were obtained.  
A response curve with two linear ranges from 0.01 to 10 µg/L and from 10 to 100 µg/L was 
obtained from the analysis of the paraoxon-ethyl standard solutions (Figure 2-17). The obtained 
calibration curve is sigmoidal curve, which is followed by Michaelis-Menten equation as 
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mentioned in the previous researches.18, 40, 41 The sigmoidal curve was presented by taking the 
relationship between degree of inhibition and logarithm of pesticide concentrations. Consequently, 
the degree of inhibition decreased slowly at lower concentrations of pesticide (0.01-10 µg/L) and 
increased dramatically at higher concentrations (10-100 µg/L). Therefore, a calibration curve with 
two linear ranges was obtained with a limit of detection of 0.03 µg/L, calculated as the pesticide 
concentration resulting in a 10% degree of enzyme inhibition according to previous articles.9, 26  
 
 
Figure 2-17: (a) Response curve obtained in the paraoxon-ethyl concentration range from 0 to 100 
µg/L after 10 min of inhibition time; (b) amperometric response; AChE (6 µL, 10 U/mL) pre-dried 
on the electrodes; 8 mM ATCh and 3 mM K3[Fe(CN)6] solution, added volume: 40 µL in 
phosphate buffer 50 mM (pH 7.0), KCl 0.1 M; MWCNTs-CS (1 mg/mL) volume: 6 µL; AuNPs 
deposition time: 120 s; incubation time: 35 min; applied voltage: 0.4 V; error bars represent 
standard deviations for measurements with 3 individual single-use biosensors. 
a) 
b) 
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The developed biosensors exhibited a good storage stability (Figure 2-18). 83% of remaining 
enzyme activity was found to be retained after 49 days of storing biosensors in the dry state in a 
refrigerator at 4°C, which is an improvement compared to a previous report (60% remaining 
activity after 1 week storage in phosphate buffer solution).26 The enhancement of the storage 
stability is assumed to be due to the use of chitosan, which provides a mild condition for enzyme 
immobilization resembling the natural environment.42  
  
Figure 2-18: Storage stability of the developed biosensors at 4°C; AChE (6 µL, 10 U/mL) pre-
dried on the electrodes; ATCh 8 mM and K3[Fe(CN)6] 3 mM solution, added volume: 40 µL in 
phosphate buffer 50 mM (pH 7.0), KCl 0.1 M; MWCNTs-CS (1 mg/mL) volume: 6 µL; AuNPs 
deposition time: 120 s; incubation time: 35 min; applied voltage: 0.4 V; error bars represent 
standard deviations for measurements with 3 individual single-use biosensors. 
 
The LOD (0.03 µg/L) obtained with this sensor configuration is lower than in the case of a 
previously reported biosensor (2 µg/L) relying on the same redox mediator in solution26 and other 
biosensors, where redox mediators were modified on the electrode surfaces (Table 2-1). This may 
be attributed by the synergistic effect of the carboxylated functionalized MWCNTs and AuNPs 
modified onto screen-printed carbon electrodes. 
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Table 2-1: Comparison of LODs and storage stabilities of the developed disposable biosensor with 
the previously reported biosensors 
 
Electrodes Mediators and 
enzyme substrate 
LOD 
(µg/L) 
Pesticides Storage 
stability 
(4°C) 
References 
AChE/PB/SPE PB + ATCh 1.8 
 
Carbofuran - [16] 
AChE/PB/SPE PB + ATCh 5 Parathion-
methyl 
- [14] 
AChE/CoPC/SPCE CoPC + ATCh 0.1 Carbofuran - [20] 
AChE/CoPC/ 
SWCNTs/SPE 
CoPC + ATCh  2 Paraoxon - [21] 
AChE/PB 
nanocubes/ 
GO/SPE 
PB + ATCh 0.1 Monocrotophos 20% 
decrease 
after 30 days 
[19] 
AChE/PB/SPE PB + ATCh 2 Paraoxon - [18] 
AChE/Cysteamine/
Au-SPE 
K3[Fe(CN)6] + 
ATCh 
2  Paraoxon 50% 
decrease 
after 10 days 
[26]  
AChE/MWCNTs-
CS/AuNPs/SPCE 
K3[Fe(CN)6] + 
ATCh 
0.03  Paraoxon- ethyl 17% 
decrease 
after 49 days 
Current 
work 
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The device-to-device reproducibility of the developed biosensor was evaluated with paraoxon-
ethyl (10 µg/L). For this purpose, the current intensities were measured by the amperometric 
technique after 10 min inhibition by the pesticide standard solution, rinsing of the sensor surface 
and 35 min incubation with the substrate containing electrolyte solution. A good reproducibility 
upon exposure to pesticide containing solutions was found with a relative standard deviation 
(RSD) of 3.02% for 10 individually fabricated single-use sensors (Figure 2-19).  
 
Figure 2-19: Reproducibility evaluation of the developed biosensors by current measurements after 
exposure to 20 µL of 10 µg/L paraoxon-ethyl; current measurement at 0.4 V with 
AChE/MWCNTs-CS/AuNPs/SPCEs (6 µL of 10 U/mL AChE pre-dried on the electrodes) after 
application of 40 µL solutions of 8 mM ATCh and 3 mM K3[Fe(CN)6] in 50 mM phosphate buffer 
(pH 7.0) containing 0.1 M KCl after 35 min incubation. 
 
2.3.5. Application to paraoxon-ethyl-spiked spinach sample 
The performance of the developed biosensor in a real sample matrix was evaluated by analyzing a 
paraoxon-ethyl-spiked solution prepared from spinach. No pesticide residues were detected in the 
as received spinach sample by using both the developed biosensor and UV-HPLC (data not shown). 
10 µg/L was chosen as the pesticide concentration, since it represents the maximum allowable 
residual level of organophosphate pesticides in vegetables, recommended by the World Health 
Organization (WHO) and the European Commission.43, 44 As a result, 10.40 ± 1.47 µg/L was found 
in the spiked sample solution with a good recovery rate of 104% (Table 2-2). Furthermore, the 
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values obtained with the AChE-based biosensors showed a good agreement with the HPLC data 
(Figure 2-20). This proves that the biosensors can potentially be used for on-site analysis of real 
samples in combination with a portable electrochemical readout device without any requirements 
for additional equipment, such as a stirrer or a reaction chamber. 
 
 
Figure 2-20: Chromatograms (a) and calibration curve for paraoxon-ethyl (b) obtained by UV-
HPLC analysis on a Prominence-i LC-2030C (Shimadzu, Kyoto, Japan) equipped with a 
COSMOSIL 3C18-MS-II Packed Column (ID = 2.0 mm, column length = 50 mm, NACALAI 
TESQUE, INC., Kyoto, Japan) with signal detection at 275 nm wavelength using 50% (v/v) 
aqueous methanol as a mobile phase. 
 
a) 
b) 
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Finally, a full paraoxon-ethyl concentration-dependent response curve was measured in the 
spinach sample matrix. As Figure 2-21 shows, no significant effect of the sample matrix was 
observed. 
 
Figure 2-21: Response curve obtained in the paraoxon-ethyl concentration range from 0 to 100 
µg/L prepared in (a) 6% (v/v) aqueous ethanol and in (b) spinach sample matrix (see Figure 2-3) 
containing 6% (v/v) aqueous ethanol; 10 min inhibition time; AChE (6 µL, 10 U/mL) pre-dried on 
the electrodes; added volume: 40 µL of 8 mM ATCh and 3 mM K3[Fe(CN)6] solution in 50 mM 
phosphate buffer (pH 7.0), KCl 0.1 M; MWCNTs-CS (1 mg/mL) volume: 6 µL; AuNPs deposition 
time: 120 s; incubation time: 35 min; applied voltage: 0.4 V; error bars represent standard 
deviations for measurements with 3 individual single-use biosensors. 
 
 
a) 
b) 
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Table 2-2: Comparison of paraoxon-ethyl pesticide-spiked spinach sample analysis (final 
concentration: 10 µg/L) using AChE/MWCNTs-CS/AuNPs/SPCE biosensors and UV-HPLC; 10 
min inhibition time; AChE (6 µL, 10 U/mL) pre-dried on the electrodes; ATCh 8 mM and 
K3[Fe(CN)6] 3 mM solution, added volume: 40 µL in phosphate buffer 50 mM (pH 7.0), KCl 0.1 
M; MWCNTs-CS (1 mg/mL) volume: 6 µL; AuNPs deposition time: 120 s; incubation time: 35 
min; applied voltage: 0.4 V; error bars represent standard deviations for measurements with 3 
individual single-use biosensors or three HPLC measurements, respectively. 
 
Method Found  
(µg/L, n = 3) 
Recovery (%) 
AChE/MWCNTs-
CS/AuNPs/SPCE 
10.40 ± 1.47 104 
UV-HPLC 10.30 ± 0.15 103 
 
2.4. Conclusion 
A single-use electrochemical biosensor relying on a simple surface modification of screen-printed 
carbon electrodes has been successfully elaborated and its practical applicability demonstrated for 
the detection of paraoxon-ethyl in a spiked spinach sample. The electrode preparation only requires 
electrodeposition of gold nanoparticles on the SPCEs, followed by drop-casting of a mixture of 
carboxylate-functionalized MWCNTs with chitosan and the AChE enzyme solution, rendering the 
process suitable for mass-production or for on-site sensor fabrication with simple means. The 
analytical procedure itself is also relatively simple and can be performed without any external 
equipment such as a stirrer or reaction chamber, which is highly advantageous for on-site analysis 
of pesticides, especially in developing countries or remote areas. The process requires only the 
exposure of the sensor to a small amount of sample solution for 10 min, before rinsing with distilled 
water and applying the enzyme substrate containing electrolyte solution for electrochemical signal 
acquisition. The combination of nanomaterials applied for the electrode surface modification 
resulted in high sensitivity and long-term storability of the biosensors. 
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Chapter 3: Flow Control-Based 3D µPADs for 
Organophosphate Pesticide Detection 
 
This chapter is based on “Flow control-based 3D µPADs for organophosphate pesticide detection”, 
Quoc Trung Hua, Hiroyuki Shibata, Yuki Hiruta, and Daniel Citterio 
Analytical Sciences, 2019, 35 (4), 393-399   
 
Summary 
Flow control-based paper devices have recently shown great potential for point-of-need analysis, 
since they allow for the easy operation of multi-step assays by minimizing user operation. In this 
work, a wax printing method was evaluated as a means to control liquid flow in 3D microfluidic 
paper-based analytical devices (µPADs). The resulting flow control-based 3D µPADs were applied 
to determine paraoxon-ethyl as a typical organophosphate pesticide model system. The analytical 
procedure is as simple as applying a 200 µL sample solution, resulting in reproducible (relative 
standard deviation of colorimetric signals from 6 independently fabricated devices, 2.63%) 
colorimetric signals within 1 h of the assay time with the limit of detection (LOD) reaching 25.0 
µg/L. Moreover, almost 100% of the enzyme activity was remained after 35 days at 4°C. Finally, 
results obtained for pesticide-spiked water samples analyzed by flow control-based 3D µPADs 
showed good agreement with those from a conventional HPLC analysis with UV detection. 
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3.1. Introduction 
Although pesticides have brought great economic benefits to the improvement of crop productivity 
in agriculture, they are also associated with negative impacts on humans.1 Once being used, they 
pose potential hazards to human health and the surrounding environment. Pesticide residues can 
be mostly found in food commodities, surface and ground water, soil, air, non-target vegetation, 
and living organisms. Thus, a vast variety of health disorders has been linked to pesticides, such 
as poisoning, reduced liver and immune function, neurological impairment and cardiovascular and 
respiratory diseases, among others. In efforts to mitigate the negative impacts of pesticides, the 
detection of their residues plays an important role. Among the analyzed pesticides, 
organophosphate pesticides, which account for over 38% of totally used pesticides, have been 
targets for decades due to their main contribution and toxicity.2, 3 Conventional pesticide analysis 
mainly relies on UV-HPLC,4, 5 GC-MS,6 fluorescent and chemiluminescent assays.7, 8 However, 
these methods require bulky instruments together with fully equipped laboratory infrastructure and 
well-trained operators. Therefore, it is important to develop fast and accurate screening methods 
to enable on-site detection of pesticides.  
Since the first introduction of microfluidic paper-based analytical devices (µPADs) by Whitesides’ 
group,9 patterned cellulosic paper has attracted significant attention as an excellent substrate for 
practical analytical assay applications. Their advantageous features including low-cost, readiness 
for use, safe disposability, simple transport and storage as well as pump-free sample liquid 
transportation make µPADs particularly attractive for point-of-need applications as alternatives to 
well-established conventional instrumental methods.10 Not surprisingly, paper-based devices have 
also been adapted to the colorimetric determination of pesticides without the requirement of using 
sophisticated instruments. In 2007, No et al. first applied an enzyme-based sensing system to 
paper-based dipsticks consisting of various cellulosic derivatives to determine organophosphate 
and carbamate pesticides.11 The working principle is based on the inhibition of the acetylcholine 
esterase (AChE) enzyme activity, depending on the concentration of the target pesticide. Later, 
Hossain et al. successfully developed paper-based dipsticks using sol-gel silica as an entrapment 
material, which can enhance the enzyme stability and offer an alternative to established lateral 
flow based methods.12, 13 Devices were found to be stable for 60 days at 4°C and to achieve a limit 
of detection (LOD) of 27.5 µg/L, suitable for paraoxon pesticide analysis. However, these methods 
still require a user to perform multiple operation steps, like reversing the device at a specific time 
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for signal generation or adding external reagents. In order to overcome these drawbacks, 
Jahanshahi-Anbuhi et al. have developed a paper-based device consisting of two flow channels. 
One channel with rapid flow enables the interaction of the pesticide in the sample with the AChE 
enzyme, before the colorimetric substrate indophenyl acetate (IPA) is delivered to the reaction 
zone through a second and slower flow channel.14 The pesticide-AChE interaction time leading to 
target concentration-dependent enzyme inhibition is controlled by a manually operated ON-OFF 
valve made of paper. Besides the requirement to manually switch a paper flap at a specific moment 
in the assay, the sample-enzyme interaction time before colorimetric substrate arrival is limited by 
the length of the “slow” flow channel. In 2015, Sicard et al. demonstrated the applicability of 
µPADs for on-site pesticide analysis by using a smart phone for signal readout.15 But also that 
system requires a two-step process to complete the test: the addition of a sample solution and 
immersing the device in distilled water until the liquid level reaches a defined level. Recently, a 
very sensitive test strip has been developed by using a similar enzymatic reaction mechanism.16 A 
very low LOD (0.01 µg/L) has been achieved, based on the relatively long pesticide-AChE 
interaction time (20 min), resulting in a high degree of enzyme inhibition. Once again, users need 
to add an external reagent, the indoxyl acetate (IDA) colorimetric substrate in this case, which 
makes this device less favorable for practical applications. In summary, many paper-based devices 
for colorimetric pesticide analysis have been reported in the literature, but to the best of our 
knowledge, they do not allow simple and user-friendly assays with sample addition, but generally 
involve additional operational steps, often at a specific timing, as outlined above. Consequently, 
there is still room for the development of simpler paper-based devices to overcome this limitation. 
A number of researchers have looked at the question of how to control and to manipulate fluid 
flow in µPADs, for example, for the purpose of controlling reaction time.17 Lutz et al. have used 
various concentrations of sucrose deposited inside flow channels as a means to automatically 
control liquid flow rates and to create time delays.18 Another approach to precise flow control on 
µPADs is to use wax-printing resulting in variations in paper permeability for aqueous solutions.19 
Yet, there are few applications of these flow control-mechanisms for real assays, but most studies 
used dye solutions for proof-of-concept. Park et al. made use of pressed regions in wax-printed 
channels, where variations in pressing force resulted in modulations of liquid permeability through 
the pressed region.20 However, one disadvantage of this method is that only delay times of up to 
200 s could be achieved, which is insufficient for an enzyme inhibition reaction, as required in the 
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current case. 
In order to realize a “walk-away” µPAD for the automatic analysis of organophosphate pesticides 
without user intervention. The term of “walk-away” is used in our current work because our 
devices only need to add sample solution without any additional step, enabling the long incubation 
time before scanning the images for signal acquisition. For this reason, this work introduces a wax-
printed channel integrated into 3D µPADs as a means for flow control. Liquid flow control has 
been used to generate a delay for the following assay steps: the inhibition reaction between enzyme 
and pesticide and the enzymatic reaction between non-inhibited AChE enzyme and the IDA 
substrate. In addition, all required assay reagents were deposited in individual paper layers, making 
the addition of external reagents unnecessary. To the best of our knowledge, this is the first report 
concerning on the integration of wax-printed channels into 3D µPADs for flow rate control, which 
can minimize the need for user action. 
 
3.2. Experimental 
3.2.1. Reagents and chemicals 
Acetylcholinesterase (AChE) (electrophorus electricus, Type VI-S), indoxyl acetate (IDA), 
paraoxon-ethyl, poly(diallyldimethylammonium chloride) (PDDA) and 
tris(hydroxymethyl)aminomethane (Tris) were purchased from Sigma-Aldrich (St. Louis, MO). 
Ethanol and methanol were purchased from Kanto Chemical Company (Tokyo, Japan). All other 
reagents, including skim milk and hydrochloric acid (HCl), were purchased from Wako Pure 
Chemical Industries Ltd. (Osaka, Japan). CF7 absorbent pads (22 mm x 50 m) and Whatman grade 
4 filter paper were purchased from GE Healthcare Life Science (Buckinghamshire, UK). Hot 
lamination films (150 µm thickness, film material: polyethylene terephthalate and polyvinyl 
alcohol as a thermoplastic adhesive) were obtained from Jointex (Tokyo, Japan). All solutions 
were prepared in 18.2 MW pure water, obtained from a Purelab Flex water system (ELGA, Veolia, 
UK). 
 
3.2.2. Device fabrication 
The design and schematic fabrication procedure for one type of 3D µPAD for enzyme-based 
colorimetric detection of organophosphate pesticides (Device I) are shown in Figure 3-1. Device 
I is composed of two reagent-coated paper wells (1st and 2nd layer), an unmodified paper 
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microfluidic channel for flow control (3rd layer), and an absorbent pad for sample liquid uptake 
(Figure 3-1a). Microfluidic patterns or wells were designed in Microsoft Powerpoint and printed 
on A4-size paper substrates by a wax printer (ColorQube 8570N or 8580N, Xerox, Norwalk, CT, 
USA). For fabricating hydrophobic barriers, the wax-printed paper was heated for 2 min at 150°C 
on a hot plate (Nissin NHS-450ND, Nissinrika, Tokyo, Japan). To enhance their mechanical 
strength during the assembling step, both sides of each paper layer were coated with lamination 
films (light blue color in Figure 3-1a) on a hot laminator (QHE325, Meiko Shokai, Tokyo, Japan), 
except for the wax-patterned paper well areas, the top side of the microfluidic channel layer, and 
the bottom side of the circular area at the end of the microfluidic channel connecting to the 
absorbent pad. The laminator settings for the substrate thickness and feeding speed were “150 µm” 
and “fast mode”, respectively. The wax-patterned paper substrates were then subjected to reagent 
deposition, as illustrated in Figure 3-1b. 
 
 
Figure 3-1: a) Schematic illustration of a 3D µPAD (Device I) showing the arrangement and layout 
of individual paper layers, double-sided tape and paper disks; b) Fabrication procedure for AChE 
and IDA-coated paper substrates (1st and 2nd layer); c) Actual picture of assembled Device I. 
a) 
b) c) 
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To minimize reagent degradation, fresh stock solutions of IDA were prepared immediately prior 
to preparation of paper devices. IDA working solutions were prepared by diluting a methanolic 
stock solution to the desired final concentrations with methanol/water (v/v = 50/50). AChE 
solution (final concentration 100 U/mL) was prepared in Tris-HCl buffer (25 mM, pH = 8.0) and 
stored in a low-binding plastic tube at - 20°C before use. To form the 1st layer of the device, 10 µL 
of AChE (100 U/mL) solution was pipetted into the wax-patterned paper wells (f = 0.9 cm), which 
have been pretreated with 40 µL of 1% (w/v) aqueous skim milk solution followed by drying 
overnight at room temperature. Onto the paper wells of the 2nd layer (f = 0.4 cm) pretreated with 
0.25% (w/v) aqueous PDDA solution, 10 µL IDA working solution (40 mM) was pipetted. After 
cutting into individual strips, reagent-coated paper layers and the microfluidic channel layer were 
stacked together using double-sided adhesive tape having a circular hole (f = 0.9 cm). Plain filter 
paper disks (f = 0.9 cm) were used to fill the gaps between each paper layer (Figure 3-1a, 2a, and 
2b). Finally, a piece of absorbent pad material was attached as a “balance bar” to obtain devices 
flatly sitting on a surface. Similarly, a second type of 3D µPAD (Device II) for fully reagentless 
operation was fabricated as outlined in Figure 3-2a. In contrast to Device I, a blank paper well 
layer was attached on top of the AChE coated layer to hold in place a first Tris-HCl buffer 
component coated paper disk (f = 0.9 cm). A second Tris-HCl buffer component coated paper disk 
is located between the enzyme (2nd layer) and IDA-coated (3rd layer) paper substrate layers. These 
paper disks serve the purpose of pH buffering function integration (pretreated with 25 µL of 1M 
Tris-HCl buffer, pH = 8.0, followed by drying overnight under ambient condition), in addition to 
bridging the gaps between paper layers as mentioned above for the case of Device I (Figure 3-1a).  
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Figure 3-2: a) Schematic illustration of a 3D µPAD with integrated buffer components for 
reagentless operation (Device II); b) Cross-section of a 3D µPAD (Device I) and schematic 
illustration of the experimental method for evaluating the delay time (t1 - t0) in 3D µPADs. 
 
3.2.3. Delay time measurement 
The dependence of the delay time on the width and length of the wax-patterned microfluidic paper 
channel (3rd layer of Device I) was evaluated, as illustrated in Figure 3-2b. After introducing an 
analyte-free Tris-HCl buffer solution (200 µL, 50 mM, pH = 8.0), the starting time (t0) and the 
time required for transporting the sample liquid (t1) were recorded, followed by calculating the 
delay time as t1 - t0. Here, t1 is defined as the time when the introduced buffer solution completely 
disappeared from the surface of the top paper layer of the devices, as visually judged by the naked 
eyes. 
 
 
a) 
b) 
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3.2.4. Preparation of standard samples 
To minimize any degradation, fresh stock solutions of organophosphate pesticide (paraoxon-ethyl) 
were prepared prior to analysis. Pesticide standard solutions were prepared in either Tris-HCl (50 
mM, pH = 8.0) containing 6% (v/v) ethanol (when working with Device I) or in 6% (v/v) aqueous 
ethanol (when working with Device II). All pesticide standard sample solutions were utilized 
within 3 h after preparation. 
 
3.2.5. Device optimization 
For optimizing the 3D devices, the optimal amount of IDA was firstly evaluated by simple paper 
spot tests (refer to Figure 3-3) for the detailed experimental procedure). First, 10 µL of AChE (100 
U/mL) diluted with 20 µL of Tris-HCl (50 mM, pH = 8.0) was applied to the wax-patterned well 
(f = 0.4 cm) containing 10 µL of pre-deposited IDA solutions with different concentrations (10 - 
60 mM). After a 30 min reaction time, the obtained color spots were scanned from the backside by 
a CanoScan 9000F Mark II scanner (Canon, Tokyo, Japan) and the green (G) color values of the 
RGB color coordinates were extracted from the images by ImageJ software (NIH, Bethesda, MD) 
to quantify the color intensities. Moreover, the dependency of the achieved color intensity on the 
time of AChE catalysed hydrolysis of IDA was also evaluated using the identical experimental 
setup. Color signals were acquired at 5 min intervals. 
 
 
Figure 3-3: Experimental procedure of spot tests for optimizing of the IDA concentrations and the 
hydrolysis time. 
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For evaluating the effect of the channel lengths and widths (3rd layer of Device I and 4th layer of 
Device II) on the obtained color intensities, different wax-printed channels with various lengths 
and widths were fabricated by the wax printer. Then, these channels were integrated into 3D 
Device I. After 200 µL of an analyte-free Tris-HCl buffer solution (50 mM, pH = 8.0) containing 
ethanol 6% was introduced into the devices, the delay time was recorded as mentioned above, 
followed by incubation for an additional 30 min before scanning images for color signal 
acquisition. 
 
3.2.6. Assay procedure for 3D µPADs (Devices I and II) 
In general, 200 µL of the respective sample solution was pipetted onto the sample inlet of the 3D 
µPADs. After approximately 20 min of liquid transportation and an additional 30 min incubation 
time, the IDA containing layers (2nd layer of Device I or 3rd layer of Device II) were detached from 
the 3D devices and scanned from the top side. ImageJ was used to obtain quantitative color 
intensities from the scanned images. 
 
3.3. Results and Discussion 
3.3.1. Working principle and optimization of 3D µPADs  
The working principle for colorimetric detection of organophosphate pesticides is based on the 
degree of AChE activity inhibition by the target pesticides. Higher pesticide concentrations result 
in stronger enzyme inhibition, leading to reduced IDA hydrolysis, and hence weaker intensities of 
the blue colored spots appearing on the paper substrate. Active AChE promotes IDA hydrolysis 
into a colorless hydroxyl indole, which is subsequently oxidized by atmospheric oxygen to the 
blue indigo dye (Figure 3-4).  
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Figure 3-4: Schematic diagram of the enzymatic reaction mechanism using IDA and AChE. 
 
To prevent an initial reaction of AChE with IDA before sample introduction, the two reagents were 
integrated into 3D µPADs by deposition onto separate paper layers, as shown in Figures 3-1a and 
2a. 
 
During RGB color analysis, a higher dynamic range was found for the green (G) value compared 
to the red (R) value (data not shown). Therefore, this parameter has been adapted for quantitative 
color analysis throughout this work. It should be noted that a weaker blue color gives rise to higher 
G values. Higher concentrations of the target pesticide are represented by higher G values. 
The surface of cellulosic paper is negatively charged due to the presence of ionizable groups 
(mainly carboxyl groups).21, 22 It is known that such anionic sites cause strong electrostatic 
interactions with amino groups of AChE.23 Therefore, skim milk was used as a blocking agent to 
limit the electrostatic and hydrophobic interactions between AChE and paper surfaces.24 
Additionally, skim milk can act as a protein that can stabilize the enzyme activity. On the other 
hand, a positively charged polymer containing quaternary amino groups (PDDA) was applied to 
the IDA containing layers, serving as immobilization sites for negatively-charged components of 
AChE (pI = 5.3) at pH = 8.0 and the partially negatively charged form of indigo (pK1 = 7.97 and 
pK2 = 12.7) after the enzymatic reaction between AChE and IDA on the paper surface.25, 26 PDDA 
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plays an important role as cellulose network-anchored material to electrostatically trap anionic 
chromogens and enzymes, which prevents their washout into the absorbent pad during the assay. 
To guarantee a smooth flow of the sample solution, blank paper disks were inserted to fill the gaps 
between each paper substrate layer.27 
For simplicity reasons, the basic colorimetric reaction system (AChE catalysed hydrolysis of IDA) 
was optimized with simplified paper spot tests. The concentration and pH value of the Tris-HCl 
buffer (50 mM, pH = 8.0) were chosen according to a previous report,16 and IDA working solutions 
were obtained by dilution with methanol/water (v/v = 50/50) to prevent compromising the 
hydrophobic wax-printed barriers by excess amounts of methanol. As can be seen from Figure 3- 
5, the optimal green intensities were obtained by using 10 µL of 40 mM IDA for the evaluated IDA 
concentration range from 10 to 60 mM.  
 
Figure 3-5: Optimization of IDA concentrations for AChE-based enzymatic assay on paper 
substrate: AChE (10 µL, 100 U/mL) diluted with 20 µL Tris-HCl (50 mM, pH = 8.0); 10 µL IDA 
(10, 20, 40, 60 mM) pre-dried on paper spots; hydrolysis time, 30 min; images scanned from the 
backside; error bars represent standard deviations from 3 individual measurements. 
 
The green color intensities decrease from about 101 to 96, reaching a plateau when the IDA 
concentration is 40 mM. Therefore, the deposition of 10 µL of 40 mM IDA was chosen for all 
following experiments as the amount providing strongest color signals in combination with the 
applied 10 µL AChE (100 U/mL). Figure 3-6 shows the hydrolysis time-dependent color intensity 
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obtained with 10 µL of a 40 mM IDA working solution. Although the G values monotonously 
decreased over time for more than 30 min, the curve started to flatten out, and a 30 min incubation 
time was chosen in the interest of the total assay time.  
 
Figure 3-6: Optimization of the time of AChE catalysed hydrolysis of IDA in paper spot tests: 
AChE (10 µL, 100 U/mL) diluted with 20 µL Tris-HCl (50 mM, pH = 8.0); IDA (10 µL, 40 mM) 
pre-dried on paper spots; hydrolysis time (5, 10, 15, 20, 25, 30, 35 min); images scanned from the 
backside; error bars represent standard deviations from 3 individual measurements. 
 
3.3.2. Validation of flow delay in the flow control-based 3D µPADs 
The total time for transportation of the sample liquid in the wax-patterned 3D µPADs is strongly 
affected by the geometry of the fluidic channels. In a fundamental study, Hong et al. have proven 
that the retardation of aqueous liquid fluid flow in paperfluidic channels with wax boundaries is 
caused by a high-contact angle at the boundaries between the solution and the hydrophobic wax 
barrier.28 Here, fluidic channels fabricated by the wax printing method have been integrated into 
3D µPADs to create a sufficient delay time for the enzyme-based colorimetric determination of 
organophosphate pesticides, which is required for the enzyme inhibition through interaction with 
the pesticide. Various combinations of flow channel lengths and widths in the 3rd layer of Device 
I have been evaluated. Figure 3-7 displays the effect of channel lengths and widths on the observed 
delay time and the relationship between the delay time and the G color intensities.  
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Figure 3-7: a) Effect of the channel lengths and widths on the delay time (t1 - t0); b) Average green 
color intensity development over time for 3D µPADs with a 2.7 cm channel length and a 0.5 cm 
width (Device I); error bars represent the standard deviations for measurements obtained with 4 
individual single-use devices. 
 
As a result, the delay time increased with increasing channel length and decreasing channel width 
(Figure 3-7a). The targeted 20 min delay time for incubation was achieved with 3 different designs 
of 3D µPADs (channel length x width: 2.1 cm x 0.2 cm, 2.4 cm x 0.3 cm, and 2.7 cm x 0.5 cm). 
However, the highest reproducibility (smallest error bars) was experimentally observed for the 2.7 
cm x 0.5 cm configuration. This is because of patterning the narrower channels (0.2 and 0.3 cm) 
by wax printing is known to be less reproducible, due to inherently inhomogeneous wax spreading 
during the hot plate heating step.29 For this reason, we selected the 2.7 cm x 0.5 cm configuration 
to fabricate 3D µPADs for the enzymatic colorimetric detection of pesticides in this work. 
Generally, the obtained G values strongly depend on the delay time. The longer is the delay time, 
the stronger are the blue color signals and the lower are the G values (Figure 3-7b). Since the rate 
a) 
b) 
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of the flow delay relies on the flow velocity, increasing the channel length or narrowing the channel 
width suppressed the passive fluidic behaviour of the sample liquid moving through the channel. 
The colorimetric signals reached a stable value and remained constant at around a 20 min delay 
time.  
 
3.3.3. Pesticide detection with flow control-based 3D µPADs (Device I) 
To obtain a response curve for organophosphate pesticides using Device I, various concentrations 
of paraoxon-ethyl (from 0 to 200 µg/L), prepared in Tris-HCl buffer containing 6% ethanol, were 
applied to optimized flow control-based 3D µPADs. The purpose of using the Tris-HCl buffer is 
to maintain the optimal pH condition for this enzymatic reaction. Ethanol is required to fully 
dissolve the compound in the standard solutions. In this assay, in accordance with previous 
optimization experiments, approximately 20 min passed before the entire sample solution was 
completely adsorbed into the device. The results shown in Figure 3-8a indicate a good linear 
relationship between the paraoxon-ethyl sample concentrations and the G-value intensities with a 
LOD of 25.0 µg/L estimated according to the 3s method.30 
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Figure 3-8: a) Pesticide response curve obtained with Device I type 3D µPADs shown in Figure 
3-1a; pesticide standard solutions were prepared in Tris-HCl buffer (50 mM, pH = 8.0) containing 
6% (v/v) ethanol. b) Pesticide response curve obtained with reagentless flow control-based 3D 
µPADs (Device II) in Figure 3-2b; pesticide standard solutions were prepared in 6% (v/v) ethanol. 
Applied sample volume, 200 µL; incubation time, 30 min; error bars represent standard deviations 
for measurements with 3 individual single-use devices. 
 
The LOD achieved with the current 3D µPAD is comparable to that of the bidirectional lateral 
flow dipsticks reported by Hossain et al.12 Although paper-based pesticide assaying devices with 
significantly lower LOD (0.01 µg/L) have been reported, the total analytical procedure using the 
3D µPAD-based assay is reduced to a single step, requiring only the addition of the sample solution 
a) 
b) 
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to the device. The 3D µPADs provide sufficient time not only for pesticide and enzyme interaction, 
but also for the AChE catalysed IDA hydrolysis. Hence, the two different reaction steps required 
for the pesticide assay have been successfully combined into a single device, allowing “walk-away” 
assays without user intervention.  
Additionally, the device-to-device reproducibility of 3D µPADs (Device I) was validated with 
pesticide containing solutions (100 µg/L). Color scans of the IDA containing layers (2nd layer) 
detached from 6 individually fabricated single-use 3D devices after assay completion are shown 
in Figure 3-9.  
 
 
Figure 3-9: Actual scanned images for evaluation of the reproducibility of the flow control-based 
3D µPADs (Device I); sample volume, 200 µL; concentration of applied pesticide, 100 µg/L; 
standard solutions were prepared in Tris-HCl buffer (50 mM, pH = 8.0) containing 6% (v/v) 
ethanol; incubation time, 30 min; numbers below the figures are G values. 
 
Consequently, the developed 3D µPADs showed a reproducible colorimetric response upon 
exposure to pesticide-containing solutions with a relative standard deviation of 2.63%. Moreover, 
the storage stability of fully assembled devices at 4°C was found to be almost 100% after 35 days, 
which proves that this device is suitable for on-site analysis (Figure 3-10). 
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Figure 3-10: Storage stability of the flow control-based 3D devices (Device I) stored in a 
refrigerator at 4°C; AChE (10 µL, 100 U/mL) on skim milk 1%; IDA (10 µL, 40 mM); sample 
solution, 200 µL Tris-HCl buffer (50 mM, pH = 8.0), ethanol 6%; hydrolysis time, 30 min; each 
data point has been obtained by measurements with 3 individual single-use devices. 
 
3.3.4. Reagentless flow control-based 3D µPADs (Device II) 
In a final effort to minimize the number of operation steps in pesticide analysis, a user-friendly 
reagentless flow control-based 3D µPAD (Figure 3-2b) was evaluated, which integrates the pH 
buffering function usually required during sample pretreatment in previously reported studies.12, 14 
For this purpose, Tris-HCl buffer (25 µL, 1 M, pH 8.0) was pre-deposited in the paper disks (f = 
0.9 cm) replacing the blank paper disks used in Device I.  
The corresponding response curve obtained with Device II type 3D µPADs is shown in Figure 3-
8b. The LOD for paraoxon-ethyl was estimated as 46.7 µg/L in this case, which is higher than the 
value observed for Device I type µPADs where the Tris-HCl buffer was included in the sample 
solution. In addition to the lower sensitivity, larger signal fluctuations between individually 
fabricated devices were noted (larger error bars in Figure 3-8b compared to Figure 3-8a) and the 
obtained slope of the response curve for Device II (0.21) is smaller than that of Device I (0.33). 
The reason for these differences might be the inhomogeneous and slow solubility of the solid Tris-
HCl buffer salt components pre-deposited in the paper disks, which results in lower signal 
intensities in Device II. 
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Table 3-1 summarizes a comparison of the developed flow control-based 3D µPADs (Devices I 
and II) with other previously published paper-based systems for organophosphate pesticide 
detection regarding the number of assay steps and the LOD. The 3D µPADs enable single-step 
assays (only sample application) with suitable LODs (25.0 µg/L and 46.7 µg/L for Device I and 
II, respectively), which fulfil the requirement for the detection of maximum allowable pesticide 
residues in river water or vegetables, set at 50 µg/L by Japanese regulators, respectively.31  
 
Table 3-1: Comparison of LOD values and number of required assay steps for organophosphate 
pesticide detection with various types of paper-based assay devices. 
Ref. Type of device 
Number of 
assay steps 
LOD 
(µg/L) 
[11] Dipsticks 3 0.28 
[12] 
Reagentless 
bidirectional lateral 
flow dipsticks 
2 27.5 
[13] Lateral flow dipsticks 2 0.28 
[15] Lateral flow dipsticks 2 0.28 
[16] Dipsticks 2 0.01 
This 
work 
Flow control-based 
3D µPADs (Device I) 1 25.0 
Reagentless 
flow control-based 
3D µPADs (Device II) 
1 46.7 
 
3.3.5. Assays of pesticide-spiked river water sample 
To demonstrate the potential application of the 3D µPADs to practical samples, recovery tests 
using a spiked river water sample were carried out with the two types of flow control-based 3D 
µPADs and a conventional UV-HPLC method. The river water sample was collected from Yagami 
river (Kanagawa, Japan). Pesticides were not detectable in as collected river water both by using 
the developed 3D µPADs and HPLC. Therefore, paraoxon-ethyl was spiked into the river water 
(100 µg/L) together with ethanol (final conc.: 6% v/v) for Device II, or ethanol (final conc.: 6% 
v/v) and Tris-HCl buffer (final conc.: 50 mM, pH = 8.0) for Device I. Table 3-2 summarizes the 
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found pesticide concentrations and the recovery values for each detection method. The result 
obtained with Device I was in good agreement with the conventional UV-HPLC analysis. However, 
a somewhat unsatisfactory recovery was obtained when using Device II (131%). This goes along 
with the observed better performance of Device I, as mentioned earlier, which is most likely caused 
by solubility issues of the pre-deposited Tris-HCl buffer components in the case of Device II. 
 
Table 3-2: Comparison of paraoxon-ethyl pesticide analysis in a spiked river water sample (final 
concentration, 100 µg/L) using Devices I and II and UV-HPLC; incubation time for 3D µPADs, 
30 min; applied sample volume for 3D µPADs, 200 µL; data shown represents mean values and 
standard deviations of 3 individual measurements. 
 
Methods Found (µg/L, n = 3) 
Relative 
standard 
deviation (%) 
Recovery (%) 
Flow control-based 
3D µPADs (Device I) 85.79 19.21 86 
Reagentless 
flow control-based 
3D µPADs (Device II) 
131.12  52.13 131 
UV-HPLC 98.09  0.52 98 
 
3.4. Conclusion 
Flow control-based 3D µPADs have been successfully developed and applied for the detection of 
a typical organophosphate pesticide model. The flow rate of the sample liquid can be controlled 
by changing the lengths and widths of a paperfluidic channel patterned by printing wax barriers. 
This system allowed us to achieve a delay time of around 20 min, which provides the time required 
for sufficient interaction between pesticide, enzyme and IDA. The commonly required two-step 
assay procedure for pesticide detection with paper-based devices, consisting of enzyme inhibition 
and enzyme-IDA incubation, has been effectively combined into one complete device requiring 
solely the application of the sample liquid with no external reagent handling, manual device 
inversion or switching of paper valves. Using the 3D flow control-based µPADs (Device I), 
paraoxon-ethyl, a representative pesticide, was detected with a LOD (25.0 µg/L). Finally, the 
strategies applied to the development of this type of device will open further opportunities to 
integrate multi-step assays into µPADs.  
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Chapter 4: Integration of Electrospun Membranes into Flow 
Control-based 3D µPADs for Organophosphate Pesticide 
Analysis 
 
 
 
Summary 
Electrospinning has emerged as a powerful technique for enzyme encapsulation due to its 
simplicity, low cost, less severe conditions such as temperature, pressure or harsh chemicals. In 
addition, flow control-based paper devices have gained significant attention for point-of-care 
analysis, since they enable a single step analysis with less user intervention. In this study, an 
integration of fabricated electrospun membranes into flow control-based 3D microfluidic paper-
based analytical devices (µPADs) was firstly introduced for stabilizing enzyme activity and 
enabling a single step analysis of paraoxon-ethyl-spiked in spinach sample as a typical model. As 
a result, a good calibration curve was obtained in the paraoxon-ethyl concentration range from 0 
to 30 µg/L with a detection limit of 6.68 µg/L. Moreover, the encapsulation of the 
acetylcholinesterase enzyme (AChE) in polyvinyl alcohol (PVA) electrospun membranes allowed 
it to maintain almost 100% of its activity for over 70 days and the storage stability of the fully 
assembled 3D device only decreased by approximately 4% and 10% in a dry storing condition at 
4°C and room temperature, respectively. Furthermore, a better enzyme stability can be achieved 
in ES membranes compared to that in skim milk-coated paper substrates. Finally, the obtained 
results for pesticide-spiked spinach sample analyzed by developed biosensors showed good 
agreement with those from a conventional UV-HPLC. 
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4.1. Introduction 
Organophosphate pesticides (OPs) are commonly used for boosting crop productivity 
improvement in agriculture. They are classified as toxicity class I (highly toxic) or toxicity class 
II (moderately toxic) according to the World Health Organization (WHO).1 Effects of OPs on 
human health can be occurred via skin, oral, respiratory, and eyes exposure.2, 3 Exposure to OPs 
results in an inhibition of an acetylcholinesterase (AChE) enzyme, which is a vital enzyme in the 
central nervous system for hydrolyzing acetylcholine neurotransmitter.4 Then, it interrupts muscle 
responses and causes respiratory problems, even death. Therefore, it is necessary to elaborate such 
screening or quantitative devices for accurate and sensitive analysis of organophosphate pesticides. 
Paper-based microfluidic devices have shown their prominent characteristics for pesticides 
analysis based on their excellent advantageous features such as low-cost, safe disposability, simple 
transport and storage, as well as pump-free sample liquid transportation.5 Thus, various researches 
have been reported for pesticide analysis using paper as a useful platform.6-11 However, paper-
based devices are tackling with many problems such as enzyme stabilization method and multi-
step analysis. For enzyme stability improvement, enzyme was entrapped in sol-gel material, which 
enabled a storage stability of AChE for 2 months (92% enzyme stability remained after 68 days at 
4°C).8 Nonetheless, preparation procedures of sol-gel material are complicated, which need ion 
exchange, filtration, and pH adjustment. In addition, sol-gel material was printed on paper 
substrates by a Dimatix printer via 16 nozzles printhead (10 pL droplet volume). In general, 
nozzles of the printhead are easily clogged due to presence of large particles and replacement cost 
is relatively expensive (approximately 125 $/printhead). Hence, an alternative method for AChE 
stabilization should be devoted. 
Electrospinning is a promising method for encapsulation of biomolecules because of its simplicity, 
low cost, less severe conditions such as temperature, pressure, or harsh chemicals.12 It was 
mentioned that electrospinning method has been applied for incorporation of biomolecules that 
can be used for tissue engineering, drug delivery, immobilization of enzymes, wound dressings, 
anti-bacterial, filtration, desalination, protective clothing, and sensor applications.13-17 In term of 
enzyme immobilization, Moradzadegan et al. reported that 90% and 34% of AChE activity 
encapsulated in electrospun (ES) membranes of polyvinyl alcohol (PVA) and bovine serum 
albumin (BSA) can be remained for a period of 100 days in PBS buffer solution at 4°C and 30°C, 
respectively.18 Thus, this method shows its highly prominent characteristic that can be applied for 
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stabilization of the enzyme activity in paper-based devices. Yuki Kudo has fabricated AChE-
encapsulated ES membranes and integrated into lateral flow paper-based devices for 
organophosphate pesticide analysis (Master thesis, March 2019).19 Although a high storage 
stability was obtained for almost 100% after 2 weeks, the detection limit (LOD) was significantly 
high, 0.54 mg/L. Concerning about paper-based pesticide analysis, less user intervention is 
preferable for point-of-care analysis. In previous research, we have developed flow control-based 
3D µPADs for enabling a single step analysis of organophosphate pesticide spiked in river water 
with a detection limit of 25.0 µg/L.20 The flow rate can be successfully controlled by changing 
wax-printed channel lengths and widths. However, the LODs achieved from the mentioned devices 
do not adapt with the maximum residues limits (MRLs) of 10 µg/L for organophosphorus 
pesticides, recommended by WHO and European Commission.21, 22 Consequently, there is still an 
urgent need for sensitivity improvement for developed biosensors to be suitable for on-site analysis 
of pesticides. 
This research reports the integration of electrospun membranes containing AChE/PVA into flow 
control-based 3D µPADs for stabilizing the enzyme activity and enabling a single step analysis of 
organophosphate pesticides, which has not been published before. The ES membranes were 
fabricated by the electrospinning process, punched, and integrated into flow control system for 
pesticide analysis.  
 
4.2. Experimental 
4.2.1. Reagent and chemicals 
Acetylcholinesterase (AChE) (electrophorus electricus, Type VI-S), indoxyl acetate (IDA), 
paraoxon-ethyl, poly(diallyldimethylammonium chloride) (PDDA) and 
tris(hydroxymethyl)aminomethane (Tris) were purchased from Sigma-Aldrich (St. Louis, MO). 
Ethanol and methanol were purchased from Kanto Chemical Company (Tokyo, Japan). All other 
reagents, including skim milk, hydrochloric acid (HCl), bovine serum albumin (BSA), polyvinyl 
alcohol (PVA, polymerization degree about 1500), were purchased from Wako Pure Chemical 
Industries Ltd. (Osaka, Japan). CF7 absorbent pads (22 mm x 50 m) and Whatman grade 4 filter 
paper were purchased from GE Healthcare Life Science (Buckinghamshire, UK). Hot lamination 
films (100 µm thickness, film material: polyethylene terephthalate and polyvinyl alcohol as a 
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thermoplastic adhesive) were obtained from Jointex (Tokyo, Japan). All solutions were prepared 
in 18.2 MW pure water, obtained from a Purelab Flex water system (ELGA, Veolia, UK). 
 
4.2.2. Methods 
4.2.2.1. Preparation of ES membranes 
An aqueous solution of PVA 10.8% (w/v) was prepared in Tris-HCl 20 mM and stirred at 60°C 
for 2 h to obtain a homogeneous solution. AChE solution (final concentration 500 U/mL) was 
prepared in Tris-HCl buffer (20 mM, pH = 8.0) containing BSA 1 g/L. After that, 2 mL of AChE 
40 U/mL in PVA 10% was prepared by mixing a solution of PVA 10.8% with AChE 500 U/mL. 
Then, 2 mL of the polymeric solution was transferred into a 20 mL plastic syringe equipped with 
a metal needle (0.8 mm diameter) (Figure 4-1a). An aluminium foil sheet (length : width = 30 cm : 
5 cm) was attached to a drum, which was followed by attaching an aluminum tape (length : width 
= 30 cm : 5 cm). For confining the formed ES fibers, two insulated rubber sheets (length : width = 
30 cm : 9 cm) were used to cover the edge of the drum. The central part of the aluminium tape 
(length : width = 30 cm : 2.5 cm) was used to collect electrospun fibers. The drum was transferred 
to a chamber for electrospinning process. Later, the drum and the metal needle were connected to 
a ground connector and a high-voltage power supply, respectively. A distance between the tip of 
the needle to the drum was 8 cm and the speed of the motor was 300 rpm. Humidity inside the 
electrospinning chamber was controlled at around 16% by a dehumidifier machine. Finally, a high-
voltage of 15 kV was applied to form the electrospun fibers on the metallic collector for 35 min. 
After the electrospinning process, the ES membrane embedded on the aluminium foil was cut into 
halves and punched by a 0.4 cm puncher (Figure 4-1b). ES membranes embedded on the 
aluminium tape disks were stored in a refrigerator at 4°C before being integrated them into flow 
control-based 3D devices for pesticide analysis. 
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Figure 4-1: a) Fabrication of ES membranes by the electrospinning system. b) Fabrication of ES 
membrane disks with a 0.4 cm puncher. 
 
4.2.2.2. Preparation of ES membrane-integrated 3D µPADs 
3D µPADs were fabricated according to our previous research (Figure 4-2).20 The developed 
biosensor is composed of a blank paper substrate (1st layer), an ES membrane embedded on an 
aluminium disk (2nd layer), IDA coated sensing area (3rd layer), an unmodified paper microfluidic 
channel for flow control (4th layer), and an absorbent pad for sample liquid uptake (Figure 4-2a). 
Microsoft Powerpoint was used to design the microfluidic patterns or wells, which were printed 
on A4-size Whatman paper grade 4 substrates by a wax printer (ColorQube 8580N, Xerox, 
Norwalk, CT, USA). A hot plate (Nissin NHS-450ND, Nissinrika, Tokyo, Japan) was used to 
fabricate the hydrophobic walls by heating the wax-patterned paper for 2 min at 150°C. Then, the 
paper substrates were laminated with lamination films for the mechanical strength improvement 
of the fabricated devices (light blue color in Figure 4-2a). The wax-patterned paper well areas, the 
a) 
b) 
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top side of the microfluidic channel layer, and the bottom side of the circular area at the end of the 
microfluidic channel connecting to the absorbent pad were not covered by the lamination films to 
allow the microfluidic flow of sample solution. 
 
 
 
Figure 4-2: a) Fabrication of 3D µPADs integrated with ES membranes. b) Deposition of IDA on 
sensing areas. 
 
Preparation of IDA fresh stock solution was conducted prior to paper device fabrication. Then, the 
stock solution was diluted with methanol/water (v/v = 50/50) to obtain the desired final 
concentration. 10 µL IDA working solution (8 mM) was pipetted onto paper wells of the 3rd layer 
(f = 0.4 cm), pretreated with 0.25% (w/v) aqueous PDDA solution (Figure 4-2b). After cutting 
into individual strips, blank paper substrate, ES membrane disk, IDA-coated paper layer, the 
a) 
b) 
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microfluidic channel layer, and absorbent pad were stacked together using double-sided adhesive 
tapes having a circular hole (f = 0.9 cm). Plain filter paper disks (f = 0.9 cm) were used to fill 
gaps between each paper layer to guarantee smooth flow of sample solution (Figure 4-2a). Finally, 
the devices were kept flatly on a surface by attaching a piece of absorbent pad. 
 
4.2.2.3. Device optimization 
For optimizing of the ES membrane-based 3D µPADs, the optimal amount of IDA was evaluated 
in 3D device system. First, 10 µL of IDA at different concentrations (1, 2, 4, 6, 8, 10 mM) was 
pipetted on the PDDA coated wax-patterned paper wells (f = 0.4 cm) and dried at room 
temperature for 20 min. After that, the IDA-coated sensing substrates were cut into individual 
substrates and used for fabrication of the 3D µPADs integrated with ES membrane disks. Later, 
200 µL of an analyte free solution containing Tris-HCl (50 mM, pH 8.0), ethanol 6% (v/v) was 
introduced on the devices’ inlets. After around 20 min transportation of the sample liquid and 30 
min incubation time, the obtained blue colors were scanned from the topside by a CanoScan 9000F 
Mark II scanner (Cannon, Tokyo, Japan) and the red (R) color values of the RGB color coordinates 
were extracted from the images by ImageJ software (NIH, Bethesda, MD) to quantify the color 
intensities. In addition, positions of ES membranes with and without aluminium foil disks in the 
3D devices were further checked by using the above experimental setup with 10 µL of IDA 8 mM 
pre-dried on the wax-printed paper wells. 
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Figure 4-3: a) Experimental procedure of spot tests for determining the amount of AChE in the ES 
membranes. b) AChE/PVA cast-film on 0.4 cm paper disks pretreated with skim milk 1%. 10 µL 
IDA 8 mM pre-dried on spot test; 5 µL of AChE 10, 20, 40, 60 U/mL + 15 µL of Tris-HCl (50 
mM, pH 8.0); ES membranes + 20 µL of Tris-HCl (50 mM, pH 8.0); incubation time, 30 min. 
 
Moreover, the amount of AChE in the ES membranes was determined in the spot test experiments 
for evaluating advantage of electrospinning method over pipetting (Figure 4-3a). A calibration 
curve was made by adding 5 µL of AChE (10, 20, 40, 60 U/mL) onto pre-dried 10 µL of IDA 8 
mM containing 15 µL of Tris-HCl (50 mM, pH 8.0) prepared in ethanol 6% (v/v). In a parallel 
manner, the ES membranes were removed from the aluminium foil disks and put on the IDA-
coated sensing areas, followed by adding 20 µL of Tris-HCl (50 mM, pH 8.0) in ethanol 6% (v/v). 
The colorimetric reaction was allowed to incubate for 30 min before scanning the backside for 
color analysis. After interpolating the amount of AChE in the ES membranes, the corresponding 
concentration of AChE in PVA solution (the same solution used for electrospinning) was pipetted 
onto paper disks (f = 0.4 cm), pretreated with 10 µL of skim milk 1% and stored at 4°C overnight 
(Figure 4-3b). The AChE-coated paper disks were then integrated into 3D µPADs for color 
development. 
a) 
b) 
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4.2.2.4. Preparation of standard and paraoxon-ethyl-spiked spinach sample solutions 
A stock solution of paraoxon-ethyl (50 mg/L) prepared in aqueous ethanol 6% (v/v) was diluted 
with aqueous ethanol 6% (v/v) solution to obtain different concentrations of standard solutions 
before use. 
For comparing the obtained LOD with our previous developed biosensors, 4.2 µL of AChE 40 
U/mL (0.168 U, calculated from spot test experiments) was pipetted on the wax-printed paper 
substrates pretreated with 40 µL of skim milk 1% (Figure 4-4). Then, these substrates were used 
for 3D device fabrication and analysis of pesticides. 
 
 
Figure 4-4: Schematic illustration of flow control-based 3D µPADs (Device I) showing the 
arrangement and layout of individual paper layers, double-side tape, and paper disks. 
 
a) 
b) 
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For the pesticide-spiked sample solution, spinach sample was bought from a local convenient store, 
removed roots and dirty leaves, rinsed with water, and dried at room temperature. After cutting 
into small species, 10 grams of cut spinach was grounded with 50 mL of aqueous ethanol 6% (v/v) 
in a mixer for 10 min (Figure 4-5). The obtained solution was filtered through a Whatman 5 filter 
paper (circles, f  = 110 mm) before centrifuging at 10,000 rpm for another 10 min. The collected 
supernatant was spiked with paraoxon-ethyl to obtain a final concentration of 10 µg/L. The spiked 
solution was used for pesticide detection by the developed biosensors whose results were 
compared with UV-HPLC (Prominence-i LC-2030C, Shimadzu, Kyoto, Japan) equipped with a 
COSMOSIL 3C18-MS-II Packed Column (ID = 2.0 mm, column length = 50 mm, NACALAI 
TESQUE, INC., Kyoto, Japan) at 275 nm wavelength using 50% (v/v) aqueous methanol as a 
mobile phase for confirmation. 
 
 
Figure 4-5: a) Image of cut spinach species. b) The obtained supernatant solution after real sample 
treatment for ES membrane-based 3D µPADs and UV-HPLC analysis. 
 
4.2.2.5. Storage stability experiment 
For evaluating storage stability of whole developed devices, complete 3D µPADs were fabricated, 
put into a plastic bag containing silica-gel, and stored at 4°C (Figure 4-6a) to avoid effect of 
humidity on the ES membranes and flow rate of wax-patterned microfluidic channels. 
a) b) 
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Figure 4-6: Storage stability experiments of (a) the whole ES membrane-based 3D µPADs and (b) 
the ES membranes only. 
 
For evaluating storage stability of only ES membranes, the ES membrane disks were stored in 
another plastic bag in containers covered by the aluminium foil (Figure 4-6b). For this experiment, 
IDA-coated sensing substrates were freshly prepared prior to the analysis. Moreover, storage 
stability of the fully fabricated 3D devices (Device I) and AChE coated on the paper substrates 
pretreated with skim milk in Figure 4-4, was also evaluated to compare the storage stability among 
the developed devices.  
 
4.3. Results and discussion 
4.3.1. Characterization of electrospun membranes 
Scanning electron microscope (SEM) (JEOL JSM-7600F, Japan) was utilized to characterize 
morphologies of the electrospun membranes. AChE 40 U/mL prepared in PVA 10% containing 
Tris-HCl (20 mM, pH = 8.0) can be homogeneously electrospun onto the aluminium foil as the 
metallic collector with diameters of 430 ± 59 nm (n = 20) (Figure 4-7a). The fabricated ES 
membranes containing AChE/PVA had similar diameters with that of only PVA 10%, 342 ± 70 
nm (n = 20) (Figure 4-7b). 
a) b) 
Chapter 4: Integration of electrospun membrane into flow control-based 3D µPADs 
 
 123 
 
Figure 4-7: Scanning electron micrographs of (a) the electrospun AChE/PVA membrane and (b) 
electrospun PVA membrane. 
 
Moreover, solubility of the ES membrane in Tris-HCl (50 mM, pH = 8.0) containing 6% ethanol 
was also checked. The ES membrane was soluble very fast (within 2 s) upon adding Tris-HCl 
buffer solution (Figure 4-8) due to high surface area of the fabricated ES membranes. This proves 
that the ES membranes can be integrated into microfluidic paper-based devices for pesticide 
analysis.   
 
 
Figure 4-8: Solubility of the ES membrane in Tris-HCl (50 mM, pH = 8.0) containing 6% ethanol 
(v/v). 
 
4.3.2. Enzyme encapsulation into electrospun membranes 
In this research, AChE was incorporated into PVA 10%, then electrospun on the aluminium foil 
as the metallic collector. BSA (1 g/L) was used to stabilize AChE in stock solutions, which was 
a) b) 
a) b) 
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stored at - 20°C before preparing the polymeric solution for electrospinning process. PVA is a 
widely used biodegradable polymer for enzyme encapsulation owning to its water-soluble, non-
toxic, hydrophilic, highly biocompatible properties.16 The encapsulation of AChE enzyme in PVA 
fibers allows it to preserve the activity before being released into sample microfluidic flow and 
enables for pesticide analysis. In previous study, AChE was covalently immobilized on ES 
membranes of PVA using glutaraldehyde (GTA).18 However, GTA was not used in our research 
because AChE enzyme was allowed to be released after introduction of the sample solution to 
react with IDA on the sensing areas. Another reason is that using GTA caused a decrease in the 
enzyme activity after enzyme immobilization due to changing of the enzyme conformation or 
reduction of enzyme’s flexibility and mobility on the substrate.23  
 
4.3.3. Working principle 
The working principle is based on AChE activity suppression after being inhibited with target 
pesticides. Higher pesticide concentrations result in stronger enzyme inhibition, leading to reduced 
IDA hydrolysis, and hence weaker color intensities are obtained on the sensing areas. The 
remained active AChE hydrolyzes IDA into a colorless hydroxyl indole, which is subsequently 
oxidized by atmospheric oxygen to the blue indigo dye (Figure 4-9). To prevent an initial reaction 
of AChE with IDA before sample introduction, a blank paper disk was put in between the ES 
membrane disks and IDA coated sensing areas (Figure 4-2a). 
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Figure 4-9: Schematic diagram of the enzymatic reaction mechanism using IDA and AChE. 
 
A wax-patterned channel (length : width = 0.9 cm : 0.5 cm)  was integrated into 3D µPADs for 
delaying of the sample liquid flow. Slowly movement of the sample liquid is a driving force that 
enables two simultaneous reactions, inhibition reaction between AChE and organophosphate 
pesticide and incubation reaction between the active AChE and IDA coated on the sensing areas. 
For RGB color analysis, the red (R) value was employed for color characterization as the strongest 
color value compared to green (G) and blue (B) values (data not shown). It is worthy noted that a 
weaker blue color results in increasing of R values. Higher R values are represented by higher 
concentrations of the organophosphate pesticide. A positively charged polymer (PDDA) serves as 
immobilization sites for negatively-charged components of AChE (pI = 5.3) at pH = 8.0 and the 
partially negatively charged form of indigo (pK1 = 7.97 and pK2 = 12.7).20 
 
4.3.4. Device optimization 
The colorimetric hydrolysis reaction between AChE and IDA was optimized on the 3D µPADs. 
The concentration, pH value of Tris-HCl buffer (50 mM, pH = 8.0), incubation time were chosen 
according to previous researches.11, 20 The compromising of methanol over the hydrophobic wax-
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printed barriers was prevented by diluting IDA stock solutions with methanol/water (v/v = 50/50). 
Figure 4-10 demonstrates that the red color intensities decreased from 219 to 168 and reached a 
constant value at IDA 8 mM when the IDA concentration was changed from 1 to 10 mM. 
Consequently, 10 µL of IDA 8 mM was selected as the optimal amount offering the strongest color 
signals in combination with the ES membranes (f = 0.4 cm).  
 
Figure 4-10: Optimization of IDA concentration for AChE-based enzymatic assay on 3D µPADs. 
Fabricated ES membrane disks; 10 µL IDA (1, 2, 4, 6, 8, 10 mM) pre-dried on the sensing areas; 
hydrolysis time, 30 min: error bars represent standard deviations for measurements with 3 single-
use devices. 
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In addition, positions of only ES membranes and ES membranes embedded on aluminium foil 
disks were further evaluated (Table 4-1).  
 
Table 4-1: Comparison of ES membrane positions with and without aluminium foil disks in 3D 
µPADs. Fabricated ES membrane disks; 10 µL IDA 8 mM pre-dried on the sensing areas; 
hydrolysis time, 30 min; standard deviations represent for measurements with 3 single-use devices. 
 
 Positions 
Red color intensities 
(-) 
Standard deviation 
(n = 3) 
ES membranes 
embedded on 
aluminium foil disks 
On blank paper disk - 
ES membrane at 
bottom site 
167.31 ± 1.76 
On blank paper disk - 
ES membrane at top 
site 
181.16 ± 5.83 
Only ES membranes 
On sensing area 167.07 ± 10.35 
On blank paper disk 162.37 ± 5.35 
 
The obtained results illustrate that the ES membrane located on the bottom side and the aluminium 
foil disk located on the top side were adaptable for fabrication of the biosensors as it provided the 
strongest red color intensity values (Table 4-11). In addition, the obtained color signals from using 
only ES membranes were similar with those from the ES membranes embedded on the aluminium 
foil disks. And, the use of aluminium foil disk together with ES membranes and temperature did 
not show any significant effect on delay time (Figure 4-11). Therefore, the ES membranes 
embedded on the aluminium foil disks were used for the facile and practical biosensor fabrication. 
That is because the removing step of ES membranes from the aluminium foil disks took a long 
time and the ES membranes were sometimes torn, which resulted in non-uniformed shapes (Figure 
4-12).  
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Figure 4-11: Obtained delay time by using fully assembled ES membrane-based 3D µPADs and 
skim milk-based 3D µPADs corresponding to storage stability period; error bars represent standard 
deviations for measurements with 3 individual single-used devices.  
 
 
 
Figure 4-12: Non-uniform shapes of ES membranes after being removed from the aluminium foil 
disks. 
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Furthermore, the advantage of electrospinning over pipetting was also evaluated for the developed 
biosensors. Firstly, amount of AChE in the electrospun membranes was determined in the spot test 
experiments. Consequently, 0.168 ± 0.03 U (n = 3) of AChE was experimentally found in the ES 
membranes (Figure 4-13).  
 
Figure 4-13: Calibration curve in spot test for determining of AChE amount in ES membranes. 10 
µL IDA concentration 8 mM pre-dried on spot test; 5 µL of AChE 10, 20, 40, 60 U/mL + 15 µL 
of Tris-HCl (50 mM, pH 8.0); ES membranes + 20 µL of Tris-HCl (50 mM, pH 8.0); incubation 
time, 30 min. 
 
After that, AChE 0.168 U (equal to 4.2 µL of AChE 40 U/mL in PVA 10%) was pipetted on 0.4 
cm paper disks pretreated with 10 µL of skim milk 1% and dried at 4°C for overnight before being 
used for biosensor fabrication. Skim milk was employed to prevent the non-specific binding of 
AChE on the paper substrate during preservation due to the presence of ionizable groups (mainly 
carboxyl groups) 24, 25 and to stabilize the enzyme activity as mentioned in the previous research. 
The anionic groups causes well-known electrostatic interactions with amino groups of AChE.26 
Although the obtained red color intensities from ES membranes fabricated by electrospinning and 
pipetting are similar (Figure 4-14), the electrospinning method still shows a good advantage over 
the pipetting method due to homogenous fabrication of the electrospun fibers on the aluminium 
foil. Pipetting is quite difficult for highly viscous solution of PVA 10% (Figure 4-3b).  
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Figure 4-14: Comparison between AChE/PVA cast-film and ES membranes for being integrated 
into 3D µPADs. Added sample volume, 200 µL of Tris-HCl (50 mM, pH 8.0) containing ethanol 
6% (v/v); incubation time, 30 min; error bars represent standard deviations for measurements with 
5 single-use devices. 
 
4.3.5. Detection of paraoxon-ethyl 
To obtain a response curve for organophosphate pesticide analysis using the developed ES 
membrane-integrated 3D µPADs, 200 µL of paraoxon-ethyl standard solutions at different 
concentrations from 0 to 50 µg/L, prepared in Tris-HCl buffer (50 mM, pH 8.0) containing 6% 
ethanol, were applied to optimal flow control-based 3D µPADs. In this assay, approximately 20 
min passed before the entire sample solution was completely adsorbed into the absorbent pad. The 
results shown in Figure 4-15 indicate a good linear relationship between paraoxon-ethyl sample 
concentrations and the R-value intensities with a LOD of 6.68 µg/L, which was estimated 
according to the 3s method.27  
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Figure 4-15: a) Paraoxon-ethyl response curve obtained by the developed biosensor integrated with 
ES membranes. b) Linear response curve from 0 to 30 µg/L. c) Actual photos of the obtained 
sensing areas corresponding to different pesticide standard solutions. Pesticide standard solutions 
were prepared in Tris-HCl buffer (50 mM, pH = 8.0) containing 6% (v/v) ethanol; 10 µL of IDA 
8 mM; incubation time, 30 min; error bars represent standard deviations for measurements with 3 
individual single-used devices. 
 
Enzyme-encapsulated ES membranes could function as a good sensing element due to robust 
properties of nanofibers including three-dimensional network structure, large pores, high porosity, 
and large surface to volume ratios.28 The advantage of ES membrane-based 3D µPADs was further 
confirmed in which a calibration curve was made by using AChE/PVA cast-film. The 
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inhomogeneous distribution of AChE/PVA cast-film on the paper disks (Figure 4-3b) resulted in 
larger error bars, nonlinear calibration curve, and a high LOD of 9.69 µg/L (Figure 4-16). In 
addition, the obtained roughness of ES membrane is also lower than that of AChE/PVA cast-film, 
which is attributed to homogeneous distribution of electrospun fibers formed by electrospinning 
process (Figure 4-17). 
 
  
 
Figure 4-16: a) Paraoxon-ethyl response curve obtained from AChE/PVA cast-film. b) Linear 
response curve from 0 to 30 µg/L. Pesticide standard solutions were prepared in Tris-HCl buffer 
(50 mM, pH = 8.0) containing 6% (v/v) ethanol. 10 µL of IDA 8 mM; incubation time, 30 min; 
error bars represent standard deviations for measurements with 3 individual single-used devices. 
a) 
b) 
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Figure 4-17: Roughness surface of (a) ES membrane and (b) AChE/PVA cast-film. 
 
Moreover, the LOD obtained from the previous developed flow control-based 3D µPADs (Device 
I), where AChE was immobilized on the paper substrates coated with skim milk, was 4.70 µg/L 
(Figure 4-18). This LOD is comparable with that of the ES membranes-based 3D µPADs. The 
LODs achieved with the current developed ES membrane-integrated 3D µPADs (6.68 µg/L) and 
3D µPADs (4.70 µg/L) are better than that of our first developed biosensor (25.0 µg/L) due to 
using a smaller amount of AChE (40 U/mL). It was found that approximately 5 times decrease in 
LOD when the AChE amount was changed from 1 U (10 µL of AChE 100 U/mL, previously 3D 
devices) to 0.168 U (4.2 µL of AChE 40 U/mL, current 3D devices). This LOD is adaptable with 
the maximum residue levels of organophosphate pesticide of 10 µg/L, recommended by WHO and 
European Commission. 
 
 
 
a) 
b) 
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Figure 4-18: a) Pesticide response curve obtained with flow control-based 3D µPADs (Device I) 
in our first research. b) Linear calibration curve from 0 to 30 µg/L. Pesticide standard solutions 
were prepared in Tris-HCl buffer (50 mM, pH 8.0) containing ethanol 6% (v/v); AChE 0.168 U 
(4.2 µL of AChE 40 U/mL); 10 µL of IDA 8 mM; incubation time, 30 min; error bars represent 
standard deviations for measurements with 3 individual single-used devices. 
 
Furthermore, the obtained LOD is significantly lower than that of the previous research in which 
ES membranes are integrated into the lateral flow device.19 This may be attributed to the fast 
solubility of ES membranes in z-direction of the developed flow control-based 3D µPADs, which 
easily release AChE and allow the enzymatic reactions occur effectively.29 
a) 
b) 
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4.3.6. Reproducibility and storage stability 
Device-to-device reproducibility of ES membranes-based 3D µPADs was evaluated with pesticide 
containing solutions of 10 µg/L. Figure 4-19 illustrates that the red color intensities obtained from 
the color scans of the IDA coated layers (3rd layer), detached from 8 individually fabricated single-
use 3D devices. As a result, a reproducible colorimetric response was achieved by using the 
developed ES membrane-based 3D µPADs with a relative standard deviation (RSD) of 2.56%.  
 
 
 
Figure 4-19: Actual scanned images for evaluating the reproducibility of the ES membranes 
integrated into flow control-based 3D µPADs. Sample volume, 200 µL; concentration of applied 
pesticide, 10 µg/L; standard solutions were prepared in Tris-HCl buffer (50 mM, pH = 8.0) 
containing ethanol 6% (v/v); incubation time, 30 min; numbers below the figures are R values. 
 
Additionally, almost 100% of enzyme activity in ES membranes can be remained in a dry storage 
condition at 4°C and room temperature (Figure 4-20a). Moreover, the storage stability of fully 
assembled ES membrane-based 3D devices decreased only 4% over 42 days at 4°C and 10% for 
the following 28 days at room temperature (Figure 4-20b), indicating that this device is highly 
suitable for on-site analysis. In this research, the electrospun fibers act as scaffolds for AChE 
enzyme to preserve its activity because the entrapment process does not involve any reactions 
between enzyme and PVA nanofibers.28 Furthermore, this storage stability was compared with that 
of AChE coated on paper substrates pretreated with skim milk 1% and the fully fabricated flow 
control-based 3D µPADs (Device I). As can be seen Figure 4-20, ES membrane-based 3D devices 
showed its greater capability in enzyme stabilization. The enzyme activities were decreased by 
30% and 40% when the AChE was in the skim milk-coated paper substrates and the fully 
assembled skim milk-based 3D devices, respectively. A lower enzyme stability was obtained after 
deposition of AChE enzyme on skim milk-coated paper substrates may be attributed to interactions 
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of enzyme with ionic groups such as COOH- in paper substrates, which result in losing of the 
enzyme activity.26  
 
 
Figure 4-20: a) Storage stability of AChE in ES membranes and skim milk-coated paper substrates, 
IDA-coated sensing areas were freshly prepared prior to experiments. b) Storage stability of the 
fully assembled ES membranes-based 3D µPADs and skim milk-based 3D µPADs. IDA (10 µL, 
8 mM); sample solution, 200 µL Tris-HCl buffer (50 mM, pH = 8.0), ethanol 6%; hydrolysis time, 
30 min; storage condition: 4°C and room temperature; each data point has been obtained by 
measurements with 3 individual single-use devices; * p < 0.05. 
a) 
b) 
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4.3.7. Paraoxon-ethyl-spiked spinach sample application 
The accuracy of the developed biosensors was evaluated in a paraoxon-ethyl-spiked spinach 
sample solution due to no pesticide contamination in the collected spinach sample. The maximum 
allowable residue level of organophosphate pesticide, 10 µg/L in vegetables was chosen as 
recommended by WHO and European Commission. Consequently, 11.53 ± 0.90 µg/L was found 
in the spiked sample solution with a recovery of 115% and it showed good agreement with that 
from UV-HPLC (Table 4-2). 
 
Table 4-2: Comparison of paraoxon-ethyl pesticide-spiked spinach sample (final concentration: 10 
µg/L) using ES membranes integrated into flow control-based µPADs and UV-HPLC; incubation 
time, 30 min; applied sample volume, 200 µL; data shown represents mean values and standard 
deviations of three individual measurements and three HPLC measurements, respectively.  
 
Method Found (µg/L, n = 3) Recovery (%) 
ES-integrated 3D 
µPADs 
11.53 ± 0.90 115 
UV-HPLC 9.64 ± 0.18 96 
 
 
4.4. Conclusion 
The integration of the ES membranes into the flow control-based µPADs has been successfully 
fabricated and applied for detection of paraoxon-ethyl spiked in the spinach sample solution as a 
typical model. The encapsulation of AChE in the electrospun membranes can stabilize the enzyme 
activity for almost 100% for over 70 days and the fully assembled 3D devices stability decreased 
by around 4% and 10% in a dry storing at 4°C and room temperature, respectively. Electrospinning 
is a simple and low-cost method for fabrication of the ES membranes, which can be considered as 
a good alternative method to the complicated and expensive sol-gel encapsulation by Dimatix 
Printer. Moreover, the high sensitivity of flow control-based 3D µPADs integrated with the ES 
membranes can be achieved, which adapt with the maximum residue limits of organophosphate 
pesticide, recommended by WHO and European Commission. Finally, the ES membranes-based 
Chapter 4: Integration of electrospun membrane into flow control-based 3D µPADs 
 
 138 
3D µPADs enable a single step analysis along with a good storage stability and high sensitivity, 
indicating that this device is highly potential for on-site screening and quantitative analysis of 
pesticides, especially in developing countries and remote areas. 
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Chapter 5: General conclusions 
 
5.1. Summary of the results 
Increasing use of pesticides worldwide has led to its serious effects on surrounding environment 
and human health. Thus, there is a significant need to develop such cheap, simple, accurate, 
sensitive devices for diagnosis of pesticides, especially in developing countries and remote areas. 
Substantial efforts have been attempted to develop biosensors based on screen-printed electrodes 
and paper-based devices, which are prominent methods for qualitative and quantitative detection 
of pesticide on-site. However, the developed biosensors are still not available for commercial and 
practical applications due to the following issues: 1) Low enzyme stability and complicated 
fabrication procedure of electrochemical biosensors; 2) Requirement of many analytical steps; 
complicated procedure and expensive method for stabilization of the enzyme activity in paper-
based devices. The current work mainly focused on stabilization of the enzyme activity, simple 
fabrication procedure, reduction of the assay steps. 
In the second chapter, quantification of organophosphate pesticide based on screen-printed carbon 
electrodes has been illustrated. Use of ferricyanide as a freely diffusible redox mediator in solution 
to reduce the effect of electrochemical interferences from the samples or the redox mediators 
themselves. AChE was stabilized on electrode surfaces by using a biocompatible polymer of 
chitosan, which created a close environment for enzymes. In addition, sensitivity of the biosensor 
was enhanced by combining of two nanomaterials of carboxylated functionalized multi-walled 
carbon nanotubes (MWCNTs) and gold nanoparticles (AuNPs). The amperometric biosensor was 
successfully applied for paraoxon-ethyl-spiked spinach sample, in which the obtained results 
showed good agreement with the conventional UV-HPLC system. 
The third chapter described a development of flow control-based 3D µPADs for a single step 
analysis of organophosphate pesticide and long-term device storage stability. Various 
configuration of the wax-printed microfluidic channel lengths and widths were optimized to obtain 
a suitable delay time for two simultaneous reaction of inhibition reaction between pesticide and 
enzyme and the AChE-catalyzed hydrolysis of the enzymatic substrate. In addition, the reagentless 
flow control-based 3D µPAD was also attempted to develop, where the pH buffering function was 
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integrated into flow control-based 3D devices. This developed biosensor was successfully applied 
to determine paraoxon-ethyl spiked in river water to prove the concept of research. 
Aside from the above developed biosensors, electrospinning method for enzyme encapsulation 
was introduced in this thesis. Electrospinning is a simple and low-cost method for enzyme 
stabilization compared with that by the Dimatix printer. After electrospinning process, the 
electrospun membranes were integrated into the flow control-based 3D devices developed in the 
chapter 3, which enable a single step analysis of organophosphate pesticide and enhance storage 
stability of the biosensors. The obtained results from the ES membrane-based 3D devices were 
comparable to that of the flow control-based 3D devices and showed a good agreement with the 
HPLC data. 
In summary, this thesis demonstrated developments of low-cost, user-friendly, high sensitivity, 
good stability and simple preparation of biosensors for organophosphate pesticide analysis. The 
developed biosensors have been successfully applied to analyze organophosphate pesticide in two 
different common sample substrates including water and vegetables. This indicates that these 
devices are well adaptable for on-site analysis of pesticide, which is the most concern issues in 
food and environment nowadays. 
 
5.2. Future outlook 
Figure 5-1 demonstrates the author’s point of view for future development of screen-printed 
electrodes and flow control-based 3D µPADs towards real-world applications. In order to be able 
for on-site analysis, the developed amperometric electrochemical biosensor should be integrated 
with a portable potentiostat, which have been already reported, to enable the on-site analysis. 
Concerning about paper-based devices, a scanner was used for signal acquisition in our researches. 
It is recommended to use a smart phone or camera for signal characterization, in which the obtained 
signal can be sent to analytical centers or experts for further evaluation. The author believes that 
the current works contribute significantly to developments of portable devices that are very close 
to the end-user devices. In the future, this requires the collaboration of academic institutes and 
industry to produce high volume of devices for market distribution. 
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Figure 5-1: Pathways to real world application of screen-printed carbon electrode and paper-based 
devices for pesticide determination. 
 
For on-site analysis of pesticides, pH of river water is adjusted with Tris-HCl buffer to obtain a 
pH value of 8.0 before introduction of sample on the surface of 3D devices or inhibit directly by 
using the electrochemical biosensors. For vegetable, sample treatment process and centrifugation 
are necessary, which are followed by pH adjustment. Some following problems that can be faced 
by using disposable devices. The first problem is high temperature in areas of analysis, which lead 
to the increase of solution evaporation rate. This problem can be solved by controlling temperature 
at 25°C before conducting the analysis. The second problem is the pH adjustment process. pH 
adjustment can be done by using a 15 mL tube in which 5 mL of Tris-HCl 100 mM (pH 8.0) is 
introduced. After that, 5 mL of sample solution is added with a dilution ratio of 1:1. The last 
problem is the instability of the developed biosensors and acetylthiocholine solution. To solve this 
issue, it is recommended to store the devices in a refrigerator at 4°C before use. Then, the devices 
are transferred to the field using an ice box for maintaining the temperature under 5°C. 
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Appendix 
 
Chapter 1: General introduction to pesticides, 
electrochemistry on screen-printed electrode, paper-based 
devices, and electrospinning method 
 
Table A-1: Classification of pesticide according to structures. 
 
Pesticides Common names Structures LD50a for rats 
(mg/kg body 
weight) 
Herbicides 
Amides 
Propanil 
 
367 - 2500 
Alachlor 
 
930 - 1350 
Benzoic acids Dicamba 
 
757 - 1707 
Carbamates 
Propham 
 
3724 
S-ethyl 
dipropylthiocarba
mate 
[CH3(CH2)2]2NC(O)SCH2CH3 1652 
Nitriles 
Bromoxynil 
 
190 
Ioxynil 
 
1200 
Cl
Cl
NHCOCH2CH3
CH2CH3
N
CH2CH3
COCH2Cl
CH2OCH3
CO2H
OCH3Cl
Cl
NHCO2CH(CH3)2
CN
OH
Br Br
CN
OH
I I
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Table A-1: (Continued) 
 
Pesticides Common 
names 
Structures LD50a for rats 
(mg/kg body 
weight) 
Nitroanilines Pendimethalin 
 
> 5000 
Organophosph-
orous 
Glyphosate 
 
5600 
Glufosinate 
 
4000 
Phenoxy acids 
2,4 - D 
 
375 - 666 
Diclofop 
 
> 5000 
Pyridines and 
quaternary 
ammonium 
compounds 
Paraquat 
 
20 - 150 
Diquat 
 
30 - 56 
Pyridazines and 
pyrydazinones 
Norflurazon 
 
9000 
Pyridate 
 
> 2,000 
 
 
 
 
 
H3C
H3C
NO2
NHCH(CH2CH3)2
NO2
HO2CCH2NHCH2P(OH)2
O
CH3PCH2CH2CHCO2H
O
OH NH2
Cl
Cl
OCH2CO2H
OCl
Cl
O CHCH3CO2H
N NH3C CH3
N N
N
N
Cl O
CF3
H3CHN
NN
Cl
CH3(CH2)7SCO
O
Appendix 
 
 146 
Table A-1: (Continued) 
 
Pesticides Common 
names 
Structures LD50a for rats 
(mg/kg body 
weight) 
Triazines 
Simazine 
 
> 5,000 
Metribuzin 
 
1090 - 2300 
Ureas 
Fenuron 
 
4000 - 5700 
Linuron 
 
1500 
Chlorsulfuron 
 
5545 
Triasulfuron 
 
> 2000 
Insecticides 
Benzoylureas Teflubenzuron 
 
> 5000 
Carbamates 
Carbaryl 
 
250 - 850 
Methomyl 
 
17 - 24 
 
 
 
N N
NCl NHCH2CH3
NHCH2CH3
N
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O
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Cl
Cl
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Table A-1: (Continued)   
 
Pesticides Common 
names 
Structures LD50a for rats 
(mg/kg body 
weight) 
Organochlorines 
Endosulfan 
 
74 
p, p’ - DDT 
 
2500 - 3000 
Organophosph-
orous 
Fenitrothion 
 
2500 
Chlorpyrifos 
 
95 - 270 
Perethroids Permethrin 
 
> 4000 
Fungicides 
Azoles Cyproconazole 
 
1700 - 4000 
Benzimidazoles Thiabendazole 
 
3100 - 3600 
Dithicarbamates Mancozeb [SC(S)NHCH2CH2NHCSSMn]xZ
ny 
4500 - 11200 
Morpholines Fenpropimorph 
 
2830 
 
 
 
O
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Cl
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Cl Cl
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Cl Cl
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S
O
H3C CH3
CO2CH2CH
C
Cl
Cl
Cl C C
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Table A-1: (Continued) 
 
Pesticides Common 
names 
Structures LD50a for rats 
(mg/kg body 
weight) 
Miscellaneous 
Captan 
 
> 9000 
Chlorothalonil 
 
> 5000 
 
a LD50 is the amount that 50% of the test population is killed. 
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Table A-2: Summary of biosensors based on SPEs for pesticide analysis. 
 
Recognition 
elements 
Sensor 
configuration 
Electrochemical 
methods 
Pesticides LODs 
(µg/L) 
Reference 
Enzyme 
AChE 
AChE/BIS/SPE Potentiometric Monocrotophos, 
malathion, 
metasystox, 
lannate 
0.2-1.5 [64] 
AChE/SPE Amperometric Methamidophos 0.35 [65] 
AChE/SPE Amperometric Carbaryl, 
chlopyrifos, 
chlorfenvinphos 
2 [66] 
AChE/CB/SPE Chronoamperometric Paraoxon 0.05 [67] 
AChE/PB/SPE Amperometric Aldicarb, 
paraoxon, 
parathion-
methyl 
30, 20, 5 [68] 
AChE/PB/SPE Amperometric Aldicarb, 
carbaryl 
50, 85 [69]  
AChE/SPE Amperometric 2,2-
dichlorovinyl 
phosphate 
- [70]  
AChE/cysteamine/ 
Au-SPE 
Amperometric Paraoxon 2 [71]  
AChE/PB nanocubes/ 
rGO/SPE 
Amperometric Monocrotophos 0.1 [72]  
AChE/PANi/TCNQ/
PB/SPE 
Amperometric Chloropyrifos-
methyl, 
coumaphos, 
carbofuran 
6.45, 18.1, 
1.77 
[73] 
AChE/Fe3O4/AuNPs/
nafion/PB/ZrO2/ 
CNTs/SPE 
DPV Dimethoate 5.6x10-4 [74] 
AChE/CoPC/SPE Chronoamperometric Carbofuran 0.1 [75]  
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Table A-2: (continued)  
 
Recognition 
elements 
Sensor 
configuration 
Electrochemical 
methods 
Pesticides LODs (µg/L) Reference 
AChE 
AChE/Ni-MBs/ 
CoPC/SPE 
Amperometric Omethoate, 
methidathion, 
malaoxon 
1.10x103, 
2.68, 2.95 
[76] 
AChE/s-WCNTs/ 
CoPC/SPE 
Chronoamperometric Paraoxon, 
malaxon 
3, 2  [77] 
AChE/PSS/PEDOT
/SPE 
Amperometric Chlorpyrifos-
oxon 
1.34 [78] 
AChE/DCHP/ 
MWCNTs/SPE 
CV Chlopyrifos 0.05 [79] 
Engineering 
AChE 
AChE/TCNQ/SPE Amperometric Pirimiphos-
methyl 
10-3 [80] 
AChE/Fe-Ni 
alloys/PVA/SPE 
Amperometric Phosmet 0.03 [81] 
AChE/chitosan/ 
PVA/SPE 
Amperometric Pirimiphos-
ethyl 
0.06 [82] 
BuChE 
BuChE/CB/SPE Amperometric Paraoxon  6 [83] 
BuChE/PB/SPE Amperometric Sarin, VX 12, 14 [84] 
BuChE/PB/CB/SPE Chronoamperometric Paraoxon  3 [85] 
BuChE/CB/PB/SPE  Chronoamperometric Paraoxon 2 [86] 
Tyrosinase 
Tyrosinase/SPE Amperometric Diethyldithiocar
-bamate, 2,4-D 
0.59x103, 
1.98x103  
[88]  
Tyrosinase/CoPC/ 
cellulose/SPE 
Amperometric Methyl-
parathion 
65.8 [89] 
OPH 
OPH/N,N-
dioctadecylmethyla
-mine/SPE 
Potentiometric  Paraoxon, 
chlopyrifos, 
parathion, 
diazinon,  
1.46x103, 
1.52x103, 
1.46x103,  
1.75 x103 
[90] 
ChOX 
ChOX/PB/SPE Amperometric Paraoxon, ethyl-
parathion 
29.13 [91] 
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Table A-2: (continued)  
 
Recognition 
elements 
Sensor configuration Electrochemical 
methods 
Pesticides LODs 
(µg/L) 
Reference 
Misscellane-
ous 
AChE/ChOX/SPE Amperometric Monocrotophos  0.1 [93] 
AChE/ChOX/PB/ 
SPE 
Amperometric Coumaphos 8 [94] 
AChE/ChOX/PB/SPE Amperometric Pirimiphos-methyl 38 [95] 
NbAChE/hydroxyethyl 
cellulose/TCNQ 
Amperometric Cabaryl, paraoxon 20, 1 [96] 
NbAChE/cytochrome 
P450 BM-3/ 
sol-gel/TCNQ/SPE 
Amperometric Paraoxon, parathion 1, 10 [97] 
AChE/PNTs/HRP/ 
Au-SPE 
CV Malathion  12 [98] 
Photosystem 
II 
PSII/SPE Amperometric Diuron, atrazine, 
simazine 
0.21 [100] 
PSII/SPE Amperometric Diuron, atrazine, 
terbuthylazine, 
desethylterbutilazine 
2.16 [101] 
PSII/PolySBQ/ 
Au-SPE 
LSV Diuron 0.16 [102] 
Antibody 
Anti-AChE/CNTs/SPE SWV Chlopyrifos oxon 6.69x10-3 [103] 
Anti-diuron 
/haptenized CNTs/SPE 
DPV Diuron  10-4 [104] 
Anti-1,2-D/ 
AuNPs/poly(aniline-
co-3-aminobenzoic 
acid)/MWCNTs/SPE 
EIS 1,2-D 0.3 [105] 
Anti-parathion/ 
2-ABA/fG/SPE 
EIS Parathion 52x10-3 [106] 
Anti-diuron/fG-
GO/BSA-DCPU/SPE 
SWV Diuron  10-5 [107] 
Anti-parathion/ 
2-ABA/GQD/SPE 
EIS Parathion 46x10-3 [108] 
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Table A-2: (continued)  
 
Recognition 
elements 
Sensor 
configuration 
Electrochemical 
methods 
Pesticides LODs 
(µg/L) 
Reference 
Antibody 
Anti-2,4-D/MBs/ 
SPE 
Amperometric 2,4-D 0.01 [109] 
AChE/QDs/SPE SWV Paraoxon 0.15 [110] 
Aptamer 
Thiolated aptamer 
(oligo1)/PANi/ 
AuNPs/SPE 
DPV Acetamiprid 19.15 [112] 
Thiolated 
aptamer/AuNPs/ 
SPE 
DPV Diazinon  5x10-3 [113] 
Non-enzyme 
AChE-
inspired 
biomimetic 
Polyacrylamide/ 
PHA/mPEG/SPEs 
DPV Paraoxon-ethyl, 
fenitrothion, chlopyros 
104, 169, 
291 
[114] 
MIPs 
MIPs/SPE DPV 2,4-D 220  [115] 
MIPs/sol-gel/SPE EIS Methidathion 5.14 [116] 
Others 
AuNPs/SPE Amperometric Thiram, disulfiram, and 
N,N-diethyl-N’,N’-
dimethylthiuram 
22, 23, 165 [117] 
Ru(bpy)2+/ZnO/ 
SPE 
DPV Glycosate, AMPA 169 [118] 
CNTs/nafion/SPE DPV Paraquat  30 [119] 
AuNPs/GO/SPE DPV Carbofuran 48.67 [120] 
NiO nanoplatelets/ 
SPE 
DPV Parathion 6.99 [121] 
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Table A-3: Summary of paper-based biosensors for pesticide analysis. 
 
Detection method Sensor elements Substrate Pesticides LODs 
(µg/L) 
Reference 
Colorimetric 
AChE/nitrocellulose 
membrane 
IPA Parathion, 
chlorpyrifos, 
malathion 
0.28 [160] 
AChE/sol-gel IPA Bendiocarb, 
carbaryl, 
paraoxon, 
malathion  
0.22, 2.01, 
0.28, 3.30 
[161]  
AChE/sol-gel IDA Malathion  24.8 [162] 
AChE/sol-gel IDA Paraoxon, 
malathion 
55, 190 [163] 
AChE/sol-gel IDA Paraoxon 0.01 [164] 
AChE/sol-gel DTNB, ATChI Paraoxon 27.5 [165] 
AChE/glucose DTNB, ATChI Malathion 2.5x103 [166]  
AChE/GTA/chitosan DTNB, ATChI Methomyl 100  [167]  
AChE/ChOx/nanoceria  Methyl-
paraoxon, 
chlopyrifos-
oxon 
18, 5.3 [168] 
Chemiluminescence 
MIPs/paper Luminol, H2O2 Dichlovos  3.6 [169] 
MIPs/paper Luminol, H2O2 Dichlovos 0.8 [171]  
MIPs/paper Luminol, H2O2 2,4-D 0.22x10-3 [172]  
Fluorescence AChE/AIE/TPE Maleimide  Diazinone  0.5 [173] 
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